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Studies of the E layer of the ionosphere 
I. Some relevant theoretical relationships 


Sm Epwarp APPLETON and A. J. Lyon 
University of Edinburgh 


(Received 3 October 1956) 


Abstract—In the course of an extended investigation of the H layer of the ionosphere, using vertical- 
sounding data from many stations in different parts of the world, we have identified a number of ways 
in which E layer behaviour is not adequately explained in terms of current theories of ionized layer 
formation and variation. As the first part of that investigation, it was necessary to develop, in their 
most convenient form, certain quantitative expressions of the accepted theory, by which the experi- 
mental data could most readily be checked. A notable simplification in this connection is effected by 
the assumption that the maximum ionization density in the H layer assumes quasi-stationary values 
over the hours of daylight, for which alone experimental measurements are generally available. At 
the same time we have developed formulae expressing variations from the simple theory, based on 
what we consider to be possible alterations in the basic physical assumptions on which that theory 
was founded. Notable among these is the assumption that the # layer is influenced by vertical drift, 
behaving as a motor as well as a dynamo. 

In this Part I of the paper an account is given of such theoretical relationships. Part II will be 
devoted to our examination of the experimental data in the light of them, leading to the identification 
of certain extraneous influences, such as that of the S, overhead current system, which account in part 
for the anomalous E-layer behaviour. 


1. INTRODUCTORY 


WE have recently made a detailed study of the H layer of the ionosphere. The 
general object of our enquiry has been to discover how far the world morphology 
of the E layer, as disclosed by the results of vertical incidence radio-sounding, 
is explicable in terms of current theories of ionized layer formation and variation; 
and to identify and measure any departures from the predicted ‘“‘normal’’ behaviour. 
A more specific aim was also to see whether we could detect, and if possible measure, 
any influence of the solar atmospheric tide in the EH layer: indeed, this aspect 
of the matter, originally a secondary one, came to play a major part in our 
investigation. 

At the start of our investigation we felt the need to develop, in their most 
convenient form, certain quantitative expressions of current E layer theory 
by which the experimental data could be checked, for conformity or otherwise. 
At the same time we have developed formulae expressing variations from the 
simple theory, involving what we consider to be likely possible alterations in the 
basic physical assumptions on which that theory has been based. This first 
paper is devoted wholly to theoretical matters. In Part II, which will follow, 
we take up the discussion of the experimental data and the identification of 
the extraneous influences which we believe are responsible for some of the 
anomalies in H-layer behaviour. 

It has been accepted now for many years that the classical theory of ionized 
layer production developed by CHAPMAN (1931a,b) can be considered as providing 
a fairly satisfactory explanation of H-layer phenomena. Such approximate 
agreement between theory and experiment was, however, reached at a time 
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when the accuracy of ionospheric measurements was not as high as it is today. 
Moreover, with the passage of time and with the general extension of ionospheric 
radio-sounding all over the world, a greater wealth of ionospheric data is now 
available for detailed analysis. Such considerations, then, prompted us to re- 
examine the whole matter afresh. 

The classical Chapman theory of ionized layer production is based on two 
simple assumptions: the earth’s atmosphere is considered to be of uniform 
temperature and composition, and the process by way of which electrons disappear 
is taken to be that of recombination. The basic continuity equation for electrons, 
according to Chapman’s theory, may therefore be written 


- N(h,t) = q(h.x) — af W(h,t)]2 (1) 


where N(h, t) is the electron density at height h and at time t; q(h, x) is the rate 
of electron production per unit volume and so is a function of both height and 
solar zenith distance y, while « is the recombination coefficient, assumed inde- 
pendent of h and t. In an isothermal atmosphere it is found that the maximum 
value of q¢ is given by 

S 
H exp 1, 


0) 


COS ¥ = qq COS x (2) 


im = ( 


where S,, is the photon flux of the ionizing radiation outside the earth’s atmo- 
sphere and H is the scale height of the atmospheric absorbing constituent. 

Now, in the experimental radio-sounding of the ionosphere at vertical incidence 
the direct measurements of ionization density relate to the maximum value, 
N,,, for any particular layer. In the full development of the theory of Chapman 
this quantity is not given directly and has to be found by way of numerical 
solutions of (1) for a series of heights. Such a procedure is laborious and was 
not considered sufficiently flexible for our purpose of making an exact comparison 
of theory and experiment. In a recent paper (APPLETON and Lyon, 1955) we 
have therefore considered the theory of ionized layer formation afresh, with 
the object of obtaining explicit expressions for the value of N,,. As a result we 
have been able to show that, under quasi-stationary conditions, such as are 
believed to obtain in the F layer, the quantity 1, itself obeys an equation of 
the form (1); while, further, we can take q(h,y) as being approximately equal 
to the value of g,, given in (2). More exactly we find that we can write, instead 
of (1), 


9 


= Jo COS 7\ 1 * i a a aly.” 


dt 
where both g) and « are taken as constant and where ¢ is a quantity small com- 
pared with unity. The magnitude of ¢ is an index of the difference between 
quasi-stationary conditions and truly stationary conditions, in that it is given by 
T yd | 
aN m dN, 
dt dt (4) 


FAM mw 


me oy 
a, Yo COS 7 


» 
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We have given reasons for the assumption that, in the case of the Z layer, 
e?/2 < 1 over the greater part of the day, in which case we can write, simply, 


(5) 


a relation which has formed the theoretical basis of much of our work. 

Since the investigations to be described in Part II of this paper have shown 
that the # layer exhibits a number of anomalies not to be expected in the case 
of a simple ionized region obeying (5), and certainly not accountable to the 
approximations made in deriving that relation, it is clear that we must question, 
instead, the physical assumptions on which this equation is based. It is therefore 
of value to consider, in a quite general way, what modifications of the original 
theory are possible. 

Let us therefore examine the most general form of the basic continuity 
equation. This may be written 

dN 

dt 
Here q(t) is the term relating to the rate of electron production, d(N) indicates 
the electron disappearance rate, while div (Nv) is the electron transport rate 
per unit volume, outwards from the point in question. We shall discuss these 
three terms in order. 

In an isothermal atmosphere, q(t) may, as we have mentioned, be written as 
Yo cos y for the level of maximum production in which we are interested. As 
CHAPMAN (1939) has shown, this is the case when the electrons are produced 
as the result of band absorption as well as in the case of ionization by mono- 
chromatic radiation. As (2) shows, however, the value of q, is dependent on H, 
which involves both the temperature and mean molecular mass of the atmo- 
spheric constituents ionized. Since rocket observations indicate the existence 
of a gradient of temperature at the level of the E layer, and since recent theoretical 
studies have suggested that the transition from mainly molecular to mainly 
atomic oxygen occurs at or near this same level, it is clear that some variation 
of g, with height is to be expected. 

In simple Chapman theory, the term d(N), expressing the magnitude of the 
electron disappearance rate, is written as «N?, with « constant. We must, however, 
also envisage the possibility of an electron disappearance rate varying less rapidly 
with N. For example, Bares and Massey (1946, 1947) have shown that under 
certain conditions the process of dissociative recombination gives rise to a 
recombination coefficient which is itself inversély proportional to N. In such a 
case d(N) becomes PN, where f is independent of NV, but nevertheless may vary 
with the concentration of some particular atmospheric constituent and so be 
dependent on cos y. 

The introduction of a transport term into the continuity equation is an 
extension of simple ionized layer theory which has arisen in studies of the pro- 
foundly anomalous behaviour of the #2 layer. Marryn (1947a,b; 1948a,b), 
for example, has shown that one possible type of such transport is the vertical 


= q(t) — d(N) — div (Nv) (6) 


3 
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drift of neutral ionization, due to the influence of a horizontal electric field 
operating athwart the horizontal component of the earth’s magnetic field. It 
may, however, be pointed out that the transport term div (Nv) is a quite general 
one, covering the effects of diffusion, ionospheric winds, and change of atmospheric 
temperature, as well as of electrodynamic drift, vertical or horizontal. As regards 
the vertical drift effect discussed by MARTYN, we may note that, if the H layer 
were the locus of the S, (or the L, or the 8) system of currents, we should expect 
the ionization distribution to be affected wherever the current has a component 
normal to the geomagnetic meridian. It may not be superfluous to add that one 
might expect, additionally, a species of vertical drift arising from the electro- 
dynamic attraction of the neighbouring elements of the extended ionospheric 
current system. Such an effect would depend, not on the permanent geomagnetic 
field, but on the magnetic field arising from the current components themselves. 
Presumably such attraction would give rise to a concentration of ionization, 
because of the layer shrinkage in both horizontal and vertical extent. Its influence 
would, however, be expected to be small. 

In concluding this introductory section we may anticipate briefly the main 
results of the work to be described in Part II. In the first place, it may be stated 
that the H layer exhibits a number of anomalies, or departures from simple region 
behaviour, which, although not, in the main, very large effects—and certainly 
not comparable with the flagrant departures from simple region behaviour found 
in the F2 layer—are nevertheless sufficiently marked, and consistent enough 
to warrant serious attention. Moreover, some of the most striking of these anoma- 
lies can be shown to be related in a very simple way to the S, currents produced 
by the dynamo action of solar tidal movements in the upper atmosphere. Indeed, 
it has proved possible to estimate, at any rate tentatively, both the magnitudes 
and the height-gradients of the vertical drifts which these currents induce and 
by means of which they make their influence felt. These results bring new con- 
firmation both to the theory of vertical drift in general, and also to the view, 
already widely favoured, that a major portion of the S, current system does in 
fact flow within the £ layer. 


2. Some RELEVANT THEORETICAL RELATIONSHIPS © 
As a preliminary to our discussion of the experimental data in Part II of 
this paper, it is convenient to summarize certain theoretical relationships. These 
are of two types. In the first place there are the relationships which are based 
on the fundamental equation (3) and which therefore apply to a simple region; 
in the second place there are the relationships expressing the effect of changes 


in the basic assumptions of Chapman theory. 


(a) Formulae based on Chapman assumptions 
APPLETON and Lyon (1955) have shown that an approximate solution of 
equation (3), for quasi-stationary conditions, is 


NV. = (afi 4k (7) 


4 
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where A is generally negligible, and where 


, dy 
tan 7 ~ 
an 4] (8) 





& = 
2(qgu cos y)!/2 


cos ¢ cos 6 sin wt 
a. “ (8a) 


“Raga? (cos 2 
w being the angular velocity of the earth’s rotation, ¢ the solar-hour angle, ¢ 
the latitude, and 6 the solar declination. It is easily shown that 


so that, as we have already mentioned, ¢ may be used as an index of the degree 
of approach to truly stationary conditions. 

It has also been shown in the above-mentioned paper that « is, to a first 
approximation, a measure of the “height-lag’’ between the level of maximum 
q and the level of maximum N. This follows, since tan y(dy/dt) is the rate of 


1 
descent (or ascent) of the layer, and - is its 


(APPLETON, 1953). 2(qqx cos 4)" 

We can calculate an approximate value for ¢, using (4) and experimental 
values of dN,,/dt and N,,, provided we assume a value for the recombination 
coefficient «. Now, the value of « for the # layer is not yet well determined 
though the general evidence available suggests that it is not less than 10-8 em$/sec. 
If this is so, such calculations show that, in the EF layer, « is less than 1/10 for 
the greater part of the sunlit day (generally for all but, possibly, the first and 
last hours for which H-layer ionospheric measurements are available). Under 
such circumstances the last two terms on the right-hand side of equation (7) 
are negligible and the theoretical solution for V,, takes the very simple form 


‘“‘relaxation-time”’ 


cos y\!/2 d; 
qo *) +. _ oan v= (9) 


N = 4 
” ow 4 x it 


Now, equation (9) is instructive in three ways. It shows us that N,, values 
are, generally, less in the forenoon (when dz/dt is negative) than in the afternoon 
(when dy/dt is positive). If, for example, we consider two hours (of true solar 
time) symmetrical relative to noon, when y is the same, we have for the difference 


in ionization density values, AN,,, 


1 dy 
AN. = on tan 7 = (10) 


-_ 


a quantity which steadily increases away from: noon. The second point to be 
noticed is that AN,, depends only on « and on the position and movement of 
the sun; its value should not therefore vary with q, (e.g. during the sunspot 
cycle). The third result which may be obtained from (9) is that the average 


5 
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value of N,, for two times (a.m. and p.m.) equally spaced relative to noon is 


given by 

— (2 cos a)" 

VN, =(=* (11) 
% 

a quantity which we may appropriately call the “stationary value” of J,,. 

An alternative form of (10) which is useful in the comparison of theory and 
observation may be derived directly from (5), without quasi-stationary approxi- 
mations namely 

dN,,/at| 
AN, = — (12) 
where dWN,,/dt is the numerical magnitude of the mean rate of change of the 
ionization density at two corresponding times, a.m. and p.m., at which y is the 
same. It will be readily seen that this result is essentially that used by APPLETON 
(1937) in his method of determining « from the diurnal variation of N,,, for which 
we have 


dN,,/dt| 
“AN, N,. 


(13) 


It is convenient at this point to include mention of the alternative method 
of determining « from the asymmetry of the diurnal curve of N,,. APPLETON 
(1953) has shown that, if At is the delay between noon and the time of maximum 
N,,, we ean determine « from the relation 


] 
At = ia, (14) 
where N, is the noon value of N,,,. 

(In the work to be described in Part ITI it will be seen that we have used both 
(13) and (14) in testing experimental data for the constancy, or otherwise, of «. 
In employing the second method it is found that visual determinations of At 
from diurnal curves of N,, are not very reliable, and we are indebted to Professor 
A. C. A1rKEN for furnishing us with a set of formulae—quoted in the Appendix— 
by means of which At can be computed from the individual values of N,, at the 
five (or seven) hours centred on noon. These formulae are based on the determina- 
tion of the best fitting parabola through the points in question. When At is 
determined in this way, the two methods of determining «, by way of equations 
(13) and (14), are not strictly independent. Indeed, the Aitken formulae use, 
in fact, weighted means of dN,,/dt and AN,, around noon, whereas, in the use 
of (13), individual values of these quantities are employed.) 

Returning now to our basic equation (5), we note that the observational 
evidence shows that dN,,/dt has closely equal numerical magnitudes, albeit of 
opposite signs, at times symmetrical with respect to noon. This, again, indicates 


that 
YN, ze iE COS x 
io 
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Thus, if we wish to check the relation between maximum ionization density 
and cos x, the average, NV ,,, should be used rather than JV, itself, thus eliminating 
any extraneous effects due to the dN,,/dt term. It is also worth noting that the 
same averaging procedure will simultaneously eliminate, for example, the anti- 
symmetrical harmonics of a tidal variation and also the effect of any influence 
which increases linearly in magnitude throughout the day. 


(b) Formulae based on variations from Chapman assumptions 

We now consider some theoretical relationships derived for non-Chapman- 
like conditions. We consider first, in this connection, the possibility that q, is 
not constant, and assume, as our first example of a departure from simple-region 
conditions, the existence of a finite gradient of scale height H with height A. 
Since the height of the level of maximum rate of electron production, q,,, varies 
with y, any variation of H with height h will make q, effectively a function of y. 
If, for example, there is a linear gradient of scale height given by 


H =H, +Ah 


then it can be shown that H varies as (sec z)* and (2) becomes 


Im = 4,(cos x)'*" 


_ Ste 
~ Hy exp (1 +A). 


where q1 


In such a case the dependence of NV, on cos y is expressed by 
m x ’ 


9, = [aoe 
a 
which shows that the main effect, say, of an atmospheric temperature increasing 
with height is that the average ionization density varies more rapidly with cos 7 
than it does when the atmosphere is isothermal. 

We now consider the possibility that « is not constant but varies with height. 
Let us suppose that the height gradient of «, expressed as a fractional increase 
per scale height, is, say, 

H 0x 
a oh! 
where u is small compared to unity, and will be assumed to be constant. 
The condition for a spatial maximum of NV, obtained from (1), is then that 


(18) 


= yee 

chot oh ch 

From the expressions derived by APPLETON and Lyon (1955) it then readily 
follows that a, the departure of the N,, level from the q,, level, is given simply by 
a=etu (20) 


and the fractional effect of this departure on N,, can be shown to be of the order 
a?/4. If u is, as postulated, a small quantity, this effect will be negligible and 


(19) 


7 
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(11) will still be valid. For the recombination coefficient «, however, (18) now 
yields 


h 
in.« = -. + const. 


H 


and since h/H varies as In sec 
a = a,(sec x)” 


l+yu 
K,, - {en (21) 
Xo 


showing that, under the conditions stated, the effects of 4 and wu are identical. 

So far then as studies of the variation of N,, with cos y are concerned, it is 
not possible to distinguish experimentally between a variation of « and a variation 
of H with height. Thus any departure from simple Chapman behaviour in this 
connection may be interpreted as a variation of the ratio q)/a or, more usefully 
perhaps, as a variation of the product «H (since gy varies inversely with /). 

We now turn to consider the case where the process of electron disappearance 
also includes attachments of electrons to positive ions. Clearly our basic continuity 
equation must then be written 

_ = qd, cos y — aN,,? — BN,, (22) 


where «, is a constant, and so 


where f is the attachment rate coefficient. If, again, we consider the case of two 
corresponding hours, a.m. and p.m., when y is the same, we can show that, 
approximately 


dN,,/dt 


es : 
aN Me 5) 


(23) 


corresponding to (12) for the case of simple recombination. Similarly, we can 
write instead of (13) 


iN ,,/dt 
= m| © — B (24) 


—_— 1 a 
: ae on 
GN UF... 2N nn 
where «’ is now the ‘effective’ recombination coefficient. 
Under the same conditions it can be shown that the time delay of the JN, 
maximum after noon is given by 


1 
At = 
2a4N, +f 


where JN, is the noon value of N,,,, which leads to an expression for the ‘‘effective”’ 


recombination coefficient 


m? 


1 B 
od ax a 2N, 


fe aa 26 
2N, At asi 


Finally, we consider the modification of our basic continuity equation by 


8 





Studies of the # layer of the ionosphere—I. Some relevant theoretical relationships 


the inclusion of an electron transport term. If we limit ourselves to the case 
of vertical transport, our basic equation (6) becomes 
a 

dt oh 
which is formally equivalent to (22), except that the vertical drift gradient dv/ 0h 
has replaced the £-term. Thus a constant vertical drift gradient, when positive, 
has the effect of simulating electron attachment; when such drift gradient is 
negative, it correspondingly simulates the process of electron detachment. 

When, however, we come to the possible effects of circulating currents due, 
for example, to solar tides, we must consider the case where the vertical drift 
varies with time. For the quasi-stationary conditions which obtain in the H 
layer this matter has already been examined by APPLETON and Lyon (1955), 
on the assumption that the third term on the right side of (27) is small compared 
with the other two, and we shall quote our earlier results here without proof. 

From a practical point of view we are concerned with two effects of vertical 
drift, namely the alterations it provokes both in the atmospheric level of maximum 
electron density and in the magnitude of the maximum ionization density itself. 
We shall refer to these two departures from normality as 6A(N,,) and 6N,, 
respectively. The appropriate expressions for these quantities given by APPLETON 
and Lyon (1955) are as follows:— 


Nin (27) 


OWN) = 


dN ah 1 | v ) 


and 
20 ay) 


y. = soo. 
where v is the velocity of vertical drift, ¢v/Cch is its vertical gradient (both measured 
positive upwards), and H is the scale height of the atmospheric ionized component 
responsible for the EF layer. As will be readily seen, the alterations in both A(V,,,) 
and WN, depend only on the vertical drift characteristics and on 1/2aN,,,, a quantity 
which APPLETON (1953) has identified as the “time of relaxation” of an ionized 
layer. 

It may not be superfluous to add a word or two here concerning the physical 
interpretation of the expressions for 6h(N,,) and 6N,,, in view of the importance 
we shall later attach to them. We may note, first, the contending nature of the 
two processes of vertical drift and electron production, in that vertical drift 
is constantly moving ionization away from the level at which it originates, 
while electron production is constantly tending to replenish it at that 
particular level. Equation (28) tells us that the operation of a vertical-drift 
velocity in altering h(N,,) is cumulative in time over a period equal to the 
“time of relaxation” of the ionized medium, since the value of 6A(H,,) is, in fact, 
simply the product of the drift velocity and the relaxation time. 

In the expression for the fractional change in N,,, given in equation (29), 
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there are two points to be noticed. The term involving the drift gradient, dv/ch, 
expresses the alteration in N,, due to layer distortion, the same ionization being, for 
example, spread over a greater vertical depth if 0v/0h is positive, with a consequent 
reduction of N,,. However, here again we note that, at any given moment, the 
layer exhibits the distortion accumulated over a period equal to the layer relaxa- 
tion time. The second term on the right-hand side of (29) is intimately connected 
with the expression for dh(N,,,), since it expresses the diminution of N,, due to 
the movement of the level h(N,,) above or below the level of maximum electron 
production. The amount of such a diminution naturally depends on the quantity 
dh(N,,) expressed as a fraction of the layer semi-thickness, a quantity which is 
itself proportional to the scale height H. Now, the semi-thickness of an ionized 
layer is approximately 2H, which gives point to the fact that the second term 
in (29) can be written — [dh(N,,)/2H]}*?. A further matter of interest is that the 
same term expresses the nonlinear property of an ionized layer subject to a vertical 
drift velocity. It should, however, be added that this property of ionospheric 
nonlinearity is of a different type from that to which Martyn (1947b) has drawn 
attention, which depends on the height gradient of drift velocity and not, as 
here, on the drift velocity itself. 

To complete the discussion of the examples of vertical drift phenomena with 
which we may be concerned in #-layer studies, we add the relevant equations 
for conditions in which both a recombination process and an attachment process 
are simultaneously operative. If our continuity equation is, in such a case, 


aN ev 
7 == fg 7eos al,” ca BN =z Oz Nin (30) 


under quasi-stationary conditions, we find (corresponding to (28) and (29)) 


Vv 


O(N.) os 24N re B 


ov 


4 b / ) 2 
and = — rau. — = (32) 
2aN,, +B H?\2aN,, + B 


a, aN, +f 
~ 220N,, + B 


where (32a) 


It is seen that, when f is equal to zero, equations (31) and (32) reduce, 


as they should, to (28) and (29), the equations for a pure recombination process. 
If, on the other hand, attachment only is operative, the same equations reduce, 


(33) 


ov 
ch 1 (“: . 
p 2H? \ p, 
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APPENDIX 


FORMULAE FOR Noon DeLay aNnD Maximum oF N,, 


If any variable wu has the experimental values u_,, U_,, Uo, U4, Ue for the values 
—2, —1, 0, 1, 2 of the independent variable t, the best-fitting parabola is 


u = (a) + 2a,) + a,t — a,f? 
where = #(u_, + U_y + Up + Uy, + Up) 
pi a — U_}) + 2(u, — u_2)} 
= zy {(U_1 — U_e) + (Up — Ue) + (Up — Ug) + (Uy — Us)} 
Hence the maximum occurs for t = At where 
At = a,/2a, 
and the difference Au between the values of u at t = 0 andt = At is 
Au = a,?/4a, 


For seven points, the above equations for a9, a, and a, become 


Ay = 7(U_g + U_g + U_y + Uy + Uy + Ue + Us) 


A, = ga{(uy — U_y) + 2(u, — w_g) + 3(ug — U_g)} 
Ae = gx{3(U_y — U_g) + 2(Uy — U_g) + 2(Uy — Uz) + 3(U, — U3)} 


We are indebted to Professor A. C. AITKEN for the above results. 
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The absorption of short radio waves in the ionosphere 


J. D. WuirEHEAD* 
Cavendish Laboratory, Cambridge 


(Received 28 May 1956) 


Abstract—It is shown that the reflection coefficients (p) measured for radio waves on 2 and 4 Mc sec™ 
reflected vertically from the ionosphere do not fit the expression 


—log p = A(f+f,)-? (1) 


appropriate to “nondeviative” absorption. Since the two frequencies mentioned did not approach near 
to critical frequencies at the time of the measurements, this failure cannot be ascribed to excessive 
‘“‘deviative”’ absorption. 

If the measured values are inserted into the expression 


—log p =O + BUf + f,)-? (2) 

it is found that ; 

(a) C varies with the sun’s zenith angle but not with solar epoch. 

(b) Bis a very variable quantity, it depends on the solar epoch and is greatest in winter. 

With values of B and C deduced from measurements on 2 and 4 Mc sec™!, equation (2) gives @ reason- 
able approximation to the measured values of p on 2-4, 3-2, and 4-8 Mc sec™?. 

It is suggested that waves in the frequency range 2 to 4-8 Mc sec“ are appreciably absorbed outside 
the nondeviating region, where equation (1) is appropriate. 


1. INTRODUCTION 


OveER a period of several years, the reflection coefficient (p) of radio waves incident 
vertically on the ionosphere has been measured on a series of frequencies at 
Slough, and in a recent publication (APPLETON and PiacottT, 1954) it has been 
suggested that for frequencies (f) not too near those critical for one or other of 
the layers, the results can be represented by the expression 


log p = Af + i* (1) 


where f, is the longitudinal gyrofrequency and A is constant at any one time. 

The conclusion has been drawn that the absorption occurs predominantly in a 
nondeviative region where the refractive index yu is nearly unity, so that theory 
(Booker, 1935) would lead us to expect the relation (1) to hold. 

In this paper the published results of the Slough measurements are examined 
in detail, and it is concluded that they are not in fact well represented by an 
expression of the type (1). If, however, two particular frequencies are selected 
because they are least affected by the penetration of the layers, the results can 
be formally represented by the equation 


—log p =C + Bf +f,)7 ; (2) 


The magnitude of C gives a measure of the departure of the results for the 
selected frequencies from equation (1). 


* Now at the Royal Aircraft Establishment, Farnborough 
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In this paper it is shown that the magnitudes of B and C vary in quite different 
ways with time, and it is suggested that this implies that equation (2) has some 
real physical meaning. 


2. Tort EXPERIMENTAL MEASUREMENTS 


‘The Slough measurements at noon 


It was decided to test relation (1) by concentrating attention on measurements 
made at noon on two frequencies chosen so that, over the greater part of the period 
under review, neither came near to the critical frequency of a layer. For this 
purpose the frequencies chosen were 2 and 4 Mc sec~!. The waves of frequency 
4 Mc sec“ were usually reflected from the F region and the frequency was not too 
near either f)F1 or f,F2. On certain disturbed days, however, there was con- 
siderable group retardation on 4 Mc sec-! and the absorption was exceptionally 
great: these occasions were excluded from the analysis by omitting the results 
for which the absorption on 4 Mc sec~! exceeded that on 4:8 Mc sec-! by more 
than 0-5 neper. Results for echoes which were reflected from sporadic E or were 
spread were also omitted. 

The waves of frequency 2 Mc sec—! were always reflected from the H layer at 


noon. 
The tables published in the Slough bulletins for the years 1949-52 yielded 
430 pairs of results spread over the four years after selection as described above. 


There were more results from winter than from summer, when sporadic E was 
more frequent. 

When pairs of noon results were inserted into equation (1), they failed to 
satisfy it by an appreciable amount. They were then inserted into equation (2) 
and the magnitudes of B and C were determined. These results are discussed in 
Section 3. ; 


The Cambridge measurements 


The absorption was measured at Cambridge, using the pulse technique, at 
vertical incidence, in the usual way. The measurements extended through the 
whole of several separate days during the period January to December 1953. 
The frequencies used were 2 and 4-2 Mcsec™, and the measurements at noon 
agreed with those made at Slough. Half-hour averages of the reflection coefficient 
were used in the analysis described in Section 3. 


3. ANALYSIS OF THE MEASUREMENTS 


The magnitude of C 

From all the Slough measurements the mean values of C and B in equation (2) 
were found to be 1-2 nepers and 28 nepers (Mc sec~')’, respectively. On the 
frequency of 2 Mc sec! the corresponding contributions to —log p were 1-2 and 
2-8, and on 4 Mc sec"! were 1-2 and 1-0. It is at once noticeable that the two 
contributions are of the same order. This fact alone shows that for these specially 
selected frequencies, equation (1) does not represent the facts well. The magnitude 
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of C varies as shown in Fig. 1, where each point represents the mean of one month’s 
results. 
It appears 


(a) that C varies through the seasons with solar zenith angle 7, and 
(b) that C does not alter appreciably with the epoch of the solar cycle. 


“3 








l i i 
1949 1950 1951 1952 
Fig. 1. The magnitudes of C and Cmin through the years. 


In Fig. 2 values of C determined from measurements made throughout the 
day at Cambridge are plotted against cos y. Each point represents the average of 
ten separate half-hour’s results at a fixed value of cos y. x varied both throughout 
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Fig. 2. The variation of C and Cmin with cos x changing through the day (1953). 


the day and with season and the points are divided into three groups: summer 
(May to August), winter (November to February), and the equinoxes (the 
remaining four months). It is seen that the magnitude of C is determined by cos 7 
whether y varies through the day or season. 
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The magnitude of B 


Monthly mean values of B calculated from the Slough results are shown in 
Fig. 3. The most striking feature is the change with the epoch of the solar cycle. 
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Fig. 3. The magnitudes of B and Bmin through the years. 
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Fig. 4. The variation of B and Bmin with cos 7 changing through the day (1953). 


The way in which B, calculated from the Cambridge results, depends on cos 7 
is shown in Fig. 4. In this figure, variations of 7 are caused both by changes in 
the time of day and by changes of season. As before, the results appropriate to 
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the different seasons are shown separately. B is seen to depend mainly on the 
season, but not in any obvious way on y. 
The behaviour of B is seen to be quite different from that of C. 


The minimum absorption 
If all the acceptable values of —log p measured at noon for one of the frequencies 
mi 
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Fig. 5. The noon values of —log p for 2 Mc sec! plotted through the years, and the 
‘‘minimum”’ absorption. 
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are plotted in the order of the days through the years, diagrams like Figs. 5 and 6 
are obtained and it is clear that there is a wide spread of values. It is interesting 
to follow up the suggestion that the wide spread might be produced by the addition 
of some “‘sporadic”’ absorption superimposed on a certain irreducible minimum. 
































1953 (b) 


Fig. 6. The noon values of —log p for 4 Mc sec~! plotted through the years, and the 
‘‘minimum”’ absorption. 
This minimum will be estimated by drawing smooth curves through the points of 
least absorption. These curves are shown in Figs. 5 and 6. 

From these curves, the magnitude of Cmin and Bmin were deduced, using 
equation (2), and plotted as the continuous curves in Figs. 1, 2, 3, and 4. It is 
at once clear 

(a) that C and Cin are nearly equal, and 

(b) that B is often greater than Bmin, particularly in the winter months. 
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It thus appears that day-to-day variations in absorption can be ascribed to 
variations of B rather than C, and in particular that the large variations known 
to occur in winter correspond almost entirely to variations of B. 


4. RESULTS ON OTHER FREQUENCIES 


There seems to be some real justification for dividing the absorption into two 
parts, one of which is independent of frequency, because then it is found, as 
shown in Section 3, that B and C vary differently with z, with the seasons, and 
with the solar epoch. This appears to provide circumstantial evidence that they 
are associated with different parts of the ionosphere. 


Experimental 
——-— Theoretical 
| 
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Fig. 7. Theoretical and experimental monthly means of —log p for 2-4, 3-2, and 4:8 Mc sec~}. 


On the expectation that the division into two parts as indicated by equation (2) 
might have some real meaning and that C would then be independent of frequency, 
it is interesting to use the monthly mean values of B and C derived from the 
experimental results on frequencies of 2 and 4 Mc sec~! to deduce the mean values 
of —log p on other frequencies and to compare them with the results of the 
measurements. The results are shown in Fig. 7, where the broken curves show the 
values of —log p on 2-4, 3-0, and 48 Mc sec calculated from the mean values of 
B and C, and the continuous curves represent the monthly means of the measured 
values. In finding these monthly means, spread echoes and those reflected from 
sporadic H were omitted. Only those days on which there were also acceptable 
measurements on 2 and 4 Mc sec"! were used. 

The corresponding values of f)# are plotted in Fig. 7, and it is seen that there 
is quite good agreement between the calculated and observed values of —log p 
except when the working frequency was close to f,#. 
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5. THE CONCLUSIONS 


The difference in behaviour of C and B suggests that the separation of the 
absorption into two parts has some real physical meaning. The significance of 
this result is being investigated. 

The abnormally great and sporadic absorption in winter arose from an increase 
in the term B rather than from any change in C. The winter anomalous absorption 
must therefore have arisen in a region where the absorption is proportional to 
(f + fr)’, ie. in the D region. This is in agreement with the conclusions of 
DIEMINGER (1952) and GNANALINGHAM and WEEKES (1954) from more direct 
evidence. 
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The nondeviative absorption of high-frequency radio waves 
in auroral latitudes 


SypNEY CHApPMAN* and C. Gorpon LITTLET 
(Received 4 September 1956) 


Abstract—In auroral latitudes the nondeviative absorption of high-frequency radio waves is much more 
irregular, and often much stronger, than in subauroral latitudes. It is greater and more frequent by day 
than by night; this is the converse of the daily variation of magnetic activity. The electrons that produce 
the absorption in subauroral latitudes are mainly caused by solar ultra-violet light; in auroral latitudes, 
often the major source is bombardment of the atmosphere by solar gas. 

According to J. A. VAN ALLEN’S new interpretation of the soft radiation observed by himself and his 
colleagues in auroral latitudes, down to 50 km, a small minority of the primary bombarding particles 
generate X rays, which penetrate further than the particles themselves. It is here suggested that the 
layer ionized by these X rays is an important factor in the daytime radio absorption. Also, as D. R. BATES 
has pointed out, Lyman-alpha radiation will be generated by the auroral protons; ionization of nitric 
oxide molecules by this radiation may also contribute appreciably to the absorption. The same processes 
of ionization will occur likewise at night, and often still more strongly; however, loss of the electrons 
to form negative ions by attachment is countered by photodetachment during the day, but not at night. 
Very tentative tables are given, based on these ideas, indicating ionospheric conditions consistent with 
greater daytime absorption than at night, even when the nighttime bombardment is twenty times more 
intense than that by day. The corresponding absorption relaxation times, and daily variation of magnetic 
disturbance, will be examined in a later note. 


1. NONDEVIATIVE ABSORPTION 


THE magnetoionic theory of radio propagation (APPLETON, 1932, 1937; 
Booker, 1935; FarMER and RatcuiFFe£, 1935) gives the following formula for the 
nondeviative absorption of the ordinary component of radio waves of high 
frequency (HF){: the absorption is expressed as D decibels: 


D = —10 logy (p/po) = A/F.?, (1) 


where p, and p are the power fluxes at the initial and end points Py, P of the path 
considered, and 


F,=F+F;,; (2) 
F and F, are the radio and gyromagnetic frequencies expressed in Mc/s; 
F, = 10-%H,/2amc = 2-80H,, (3) 


where c, m, e denote the speed of light, and the mass and charge (e.s.u.) of the 
electron; H, denotes the geomagnetic field component (gauss) along the direction 
of radio propagation. Also 


A = (20 logy, 2:718) x 10-1e?/27me = 1-17 x 10-47, (4) 


Nv ds 
CE (5) 
1 + 10712)2/402F2 


where 


the integration being taken along the path P,P traversed by the radio waves; N 


* Geophysical Institute, College, Alaska; and High Altitude Observatory, Boulder, Colorado. 

+ Geophysical Institute, College, Alaska. 

~ Namely 3 to 30 Mc/s, in the nomenclature given (p. 45-11) in The Radio and Television Engineer’s 
Handbook, Newnes, London, 1954. 
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and v denote the number density and collision frequency of the electrons at each 
point along the path. Thus the frequency F, is involved in (1) implicitly in A as 
well as explicitly. 
For HF waves F, > F > 3; hence if » is small compared with 67 x 108 or 
2 x 10’, (5) reduces approximately to 
I =f Nvds, (6) 
and A is independent of F, and F. Also, (4) gives 
I = 8-56 x 10435A = 8-56 x 10! DF,?. (7) 


2. THE COLLISION FREQUENCY 
The laws of interaction between slow electrons and the neutral particles of the 
atmosphere (N,, O., O, etc.) are not properly known; hence the values of » in the 
ionosphere are uncertain on this account, as well as because the atmospheric 
temperature 7' and the number densities n of the atmospheric constituents are 
imperfectly known. NICcOLET (1953) gives the formula 


vy = 5:4 x 10-17! (8) 


for levels below about 100 km, where the air is not much dissociated, and where 
electronic collisions with ions are relatively few; here n signifies the total particle 
number density. Using the Rocket Panel (1952) data for 7’ and n, (8) gives the 
following valies of », which will be used in the subsequent discussion. 


Table 1. The electron collision frequency 
Numbers here expressed as a? signify a x 10°. 


Ht., km 40 45 50 55 60 65 70 75 80 85 90 95 100 105 
v 7-68 4-09 2-18 1-28 6-27 3-37 1-67 7-66 3-4° 1-56 6-75 3-15 1-55 7-14 


Some radio observers have given higher values of vy than those in Table 1; e.g., 
SHaw (1951) gave 1-8 x 108 as the value at 90 km, nearly three times as great as 
the value given above. NicoLet regarded these values as excessive. The diffi- 
culties in inferring v from radio measurements concern the accuracy of the formulae 
used and the attribution of the heights to which the results correspond. The 
formula (8) is also uncertain, perhaps by more than 25%. 

In Section 3 values of vy are quoted (Table 2) for greater heights; these are taken 
from CHAPMAN (1956), and are also uncertain. But materially greater values of » 
in Tables 1 and 2 would seem inconsistent with the observed amount of nondeviative 
absorption in the ionosphere. 


3. NoNDEVIATIVE HF Rapio ABSORPTION IN SUBAURORAL LATITUDES 


Geomagnetic (gm) latitudes above 60°, and those between 60° and 45°, will be 
called respectively auroral and subauroral. The nondeviative absorption of HF 
radio waves in subauroral latitudes is illustrated by the valuable study made in 
southern England (latitude 52°, gm lat. 54°) since 1935, recently summarized and 
discussed by APPLETON and Piacort (1954); the letters AP will be used to indicate 


reference to this paper. 
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In this case F', is 1:16 (AP, p. 151). Their values of F range from 2 to about 
5; hence their F, is at least 3-16. Their measurements of D as a function of F, 
fit the relation (1) with a value of A which is independent of F over the stated 
range of F. Hence (cf. Table 1 above) they conclude (p. 167) that the absorbing 
region lies mainly above 80 km. ‘They show also that it lies below the EF layer. 

The factor A varies with the time of day, the season, and the sunspot cycle. 
The relation between the daytime values of A and the hour and season is illustrated 
(AP, Fig. 12) for the average over the period 1945-1948; A has a daily maximum 
at about 20 min after noon; its maximum value ranges from about 400 in mid- 
winter to rather more than 500 in midsummer. The corresponding absorption for 
4-Mc/s waves is from 15 to about 20 dB. Near sunrise and sunset A falls below 
about 50. 

The daily and seasonal variation of A is given approximately in terms of the 
solar zenith angle 7 by C", where C densities cos y or 1/Ch(R, y)—(CHAPMAN 1931; 
WILKES 1954)—according as the solar elevation is large or small (AP, p. 153, and 
Fig. 7); the exponent n has a mean value 0-75, with few values outside the range 
0-6 to 0-95; it appears not to vary with the sunspot cycle (AP, p. 155). 

In any one calendar month, over a series of years, the noon value of A varies 
nearly linearly with the annual mean sunspot number R#: that is, 


Anoon = % + BR. (9) 


Both « and # are least in winter and greatest in summer: « increases from 230 in 


December to about 350 in July, and # from about 2 in midwinter to 3 in midsummer. 
These sunspot-cycle variations differ significantly from those of the peak electron 
densities in the F layer (AP, pp. 149, 150). 

However, in the winter months (in every year from 1935 onwards) A has values 
anomalously great, by a factor of 2 to 3, on certain groups of days (AP, Fig. 9). 
APPLETON and PiceGorrT state (p. 164) that DrEMINGER (1952) finds these anomalies 
to be associated with weak reflections from low heights, of the order 75-90 km; 
such reflections occur on about one day in sixty in summer, but are much more 
frequent in winter. The above exponent n is also higher on such anomalous days 
(AP, p. 169). The winter variability of A is one indication (AP, p. 167) that the 
absorption does not occur mainly in the # layer, whose ionization does not show 
such winter irregularities. They conclude (p. 158) that there is a real physical 
change in the absorbing layer during such winter anomalies of A. ‘‘To account for 
this additional absorption in winter there would appear to be only two possibilities 
—either an additional ionizing source is present,” or some agency is operating that 
redistributes the ionization so as to increase the integral J of Nv (AP, p. 169). 
They comment (p. 169): ‘“‘we consider it unlikely that the excess absorption is 
caused by particle radiation, though we do not yet feel that this possibility can be 
entirely ruled out’; they noted also (p. 169) that the winter anomaly of A occurs 
in the Falkland Islands (gm lat. 40°), but not at Singapore. They note also (p. 165) 
that the winter anomaly seems to be slightly correlated with magnetic calm. 

The July noon value of A, about 520, corresponds to 


I =f Nvds = 4-45 x 1018, (10) 
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and to a solar zenith angle y of 28°; hence ds = (sec 28°) dh = 1-13dh. As the 
waves whose absorption is observed have been reflected back to the ground in 
either the # or the F layer, the main absorbing layer, below both FE and F, has 
been twice traversed; hence f Ny» ds integrated once through this absorbing region 
will have half the above value, namely 2:2 x 1016, and { Nv dh will be 2-0 x 1078. 
The following table gives a tentative distribution of N and » by which such a value 
of I might be provided. Up to 120 km the height sections are 10 km thick, above 
that level greater thicknesses are taken. 


Table 2. Tentative electron distribution at latitude 52°, consistent with summer noon radio 
absorption data. Numbers here expressed as a? signify a x 10° 





| | Combined integrals 
| 300 a ae 


|| Up to | 105-325 | Above 

105 | km | 325 
km | km 
! 





| 
| 
| 10 | 50 600 | 6-57 | 1-54 | 328 | 18 | 1-55 | 258 | 48 65 
} at | ot | sa 





8 | 1} 
|s5~05| 65-75 | 75-85 | 85-95 |o5~105{ 105~115|115~125|125~175/175~225/225~275 275-325) 


| 6-27 | 1-67 | 3-48 | 6-75 | 1-55 | 3-54 | 1o# | 28 


}100 | 73 | 27 


10-*Nv dh | 06 | 0-8 2-0 | 4-4 2-2 11 | 10 =| 15 1:0 1:2 15 





These numbers are uncertain, especially as regards y, not only for the reasons 
given in Section 2, but also because the height distribution of density and tempera- 
ture over southern England may differ significantly from that over New Mexico, 
to which the Rocket Panel results refer. However, English meteor evidence 
(Evans, 1954) indicates nearly the same scale heights over the range 85-105 km. 

According to the above tentative table, half the absorption occurs below 105 km, 
and the rate of absorption is greatest around 90 km. 


4. NONDEVIATIVE ABSORPTION IN AURORAL LATITUDES 


Radio absorption has been studied since March 1954 at College, Alaska (64-9° N, 
167-8° W; gm lat. 64-5°), in the auroral region, about 275 km south of the maximum 
isochasm. At College, H,, for vertical incidence is 0-55 gauss, and fF’; is 1-54. 

The first such observations at College, continued for two months only (LITTLE, 
1954), were made on 65-Mc/s natural radiation from celestial sources. Ionospheric 
sounding equipment (C-3) was also operated. LirTLEe showed (l.c., Fig. 2) that 
there is great similarity, as regards daily variation of frequency, between polar 
blackouts observed with the C-3 equipment, and strong absorption (at least 10%, 
or 0-9 dB) of the 65-Mc/s radiation; such strong absorption was experienced for 
about a tenth of the time. 

The 65-Mc/s radiation traversed the whole ionosphere once only; the C-3 man- 
made reflected radiation, if not absorbed, would pass twice through the part of 
the absorbing region that lies below the level of reflection. For waves that, if not 
absorbed, would be reflected by the ZH layer, the absorption must occur below the 
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E peak. For waves of a few Mc/s, such as are there reflected, the absorption 
corresponding to 1 dB for 65-Mc/s waves must amount to a blackout. 

The daily frequency curves in LirTLe’s Fig. 2 have a main maximum shortly 
after noon, from which there is a steep descent towards the evening; after midnight 
there is another, rather smaller, maximum of frequency. 

Since summer 1954 the studies of absorption of natural radiation at College 
have been continued on 30 instead of 65 Mc/s. The receiving antenna is directed 
towards the zenith; its cone of reception, to half power, is about 60° wide. 

The absorption over southern England, discussed by APPLETON and PigGoTT 
(1954), may be ascribed mainly to ionization produced by ultra-violet solar 
radiation. Over College the corresponding ionization must be smaller, because the 
sun’s zenith angle is on the average greater than over southern England. The 
subauroral average noon value (450) of A for southern England must correspond 
to a value at College reduced in the ratio (cos 64-9°/cos 52°)°’, namely 345; for 
30-Mc/s waves that traverse the (whole) ionosphere once only, as at College, this 
would correspond to an auroral average noon absorption of about 0-2 dB. 

Actually the observed absorption (D dB) of 30-Mc/s waves at College often has 
much higher values. The greatest absorption is observed for brief intervals during 
the equinoctial months, when the peak values of D may reach or even exceed 10 dB 
by day, or 5 dB by night. The variations of absorption, as well as the peak values, 
are greatest at the equinoxes; in winter the variability of the absorption exceeds 
that observed in summer, but is below the equinoctial level. 

For D = 10 dB at 30 Me/s, the integral J through the absorbing region must 
equal 8 x 10!’—about forty times the maximum noon value for southern England. 

At College D varies very irregularly, and intervals of strong absorption may 
occur at any hour of the day and night. As in the case of the 65-Mc/s absorption, 
the occurrence of strong attenuation of 30-Mc/s waves is highly correlated with the 
occurrence of large values of fmin and of polar blackouts recorded by the C-3 
equipment. Both are most frequent during the equinoctial months, as are strong 
auroral and magnetic activity. These and other features of the absorption imply 
that the associated ionization of the upper atmosphere is produced by the entry 
of solar particles into the atmosphere. 

At College the US Coast and Geodetic Survey maintains a magnetic observatory, 
which gives 3-hour K indices of magnetic activity based on its records. These 
indices (K.) have been compared with the maximum values of D during the 
corresponding 3-hour periods; they show a high correlation (the coefficient r is,0-7 
to 0-8). A similar good correlation is found between the College values of D and 
the 3-hour magnetic indices (K,) given by the magnetic observatory at Sodankyla 
(67-4° N; 26-6° E; gm lat. 63-8°); Sodankyla is at almost the same gm latitude as 
College, but differs from it in longitude by 174° geographic or 135° gm. This 
latter observation suggests that the atmosphere is bombarded simultaneously 
above College and above Sodankyla, i.e. on the nighttime and the daytime sides of 
the auroral zone. 

However, the daily variation of the mean value of K, has a maximum near 
local midnight, whereas on the average D is greatest near local noon. 

Daygraphs showing the average daily variation of the frequency of absorption 
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on 30 Mc/s at College have been drawn for each calendar month. They clearly 
indicate a solar control of the absorption, which is most frequent and intense 
during the daylight hours. But this control is not the simple regular control 
described for southern England in Section 3. 

The auroral luminosity when brightest is usually distributed irregularly over 
the sky, and is often confined to areas extended along relatively thin arcs or bands. 
This suggests that the extraterrestrial particles enter the atmosphere in these 
restricted regions; the associated primary ionization is likely to be produced in the 
same regions. If the ionization lasts longer than the luminosity, it may be more 
widespread, when the luminous bombarded area moves across the sky, as commonly 
happens. 

Radio absorption measurements have been made at College also with a rotating 
antenna whose main lobe of reception has a low elevation; they have shown that 
the absorption is often not uniform around the sky—in particular, round a circle 
whose radius at 100-km height is about 400 km; this result agrees with expectation 
based on the auroral appearances. 

Thus it is likely that over the considerable area of the absorbing region included 
within the 60° cone of reception of the 30-Mc/s waves at College, there will be 
marked differences in the absorption, or in the value of the integral J. There may 
be strongly ionized patches where the absorption is effectively complete, surrounded 
by less-absorbing areas. However, the observation that at times the intensity of 
30-Mc/s waves received in auroral latitudes is cut down by a half (corresponding 
to D = 3-0 dB) indicates that on such occasions at least half the ‘‘viewed”’ area is 
affected by the absorption. This suggests a distribution of ionization more wide- 
spread than the auroral luminosity. Additional equipment recently brought into 
use, with a narrower cone of reception, will throw further light on this question of 
the uniformity of distribution of the absorbing region. 

Some cases of simultaneous strong radio absorption and notable magnetic and 
earth-current fluctuations have been observed; but in the daytime there may be 
considerable radio absorption unaccompanied by much magnetic disturbance. 

During sudden ionospheric disturbances (SID’s) associated with solar flares, the 
natural radio waves observed at College show absorption to a degree corresponding 
with the associated solar zenith angle; but it by no means attains the high 
intensities above mentioned. 


5. INTERPRETATION OF THE ABSORBING REGION 


The results quoted in Section 4 suggest that auroral agents from time to time 
enhance the electron density distribution so as to increase the value of the integral 
I up to forty times its undisturbed (solar ultra-violet) noon value. 

Visual observation of the aurora, at nighttime, indicates that the luminosity 
is usually greatest between heights of 100 and 110 km, although it extends down- 
wards with diminishing intensity to 90 km or so. The ionization directly produced 
by the incoming particles seems likely to be distributed in a somewhat similar way. 

When the auroral and magnetic activity, for example around midnight, is not 
too intense, radio waves of frequencies up to 3'Me/s are reflected by an abnormal 
nocturnal “‘#”’ layer at about 100 km. But during intense auroral and magnetic 
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disturbance, the C-3 radio waves are absorbed below this level, and are not received 
with measurable intensity. Until more powerful beams are used to explore the peak 
electron density N in this region, the peak levels and peak values must remain 
uncertain, or await determination by rocket-borne instruments. The presence, at 
such times, of intense electric currents along the auroral zone, as inferred from 
surface magnetic data, suggests that N may attain very large values, possibly as 
much as a hundred times the normal daytime peak value observed at College. 
Owing to the value of the collision frequency at this level, however, a hundredfold 
increase in N would not increase J in that proportion (see Table 2); if N were 
increased in the same proportion at all levels, a factor of 50 would suffice to increase 
I fiftyfold; if N were increased preferentially at heights below 90 km, its factor 
of increase could be still smaller. 

The luminosity and accompanying ionization indicated by visible auroras are 
decidedly patchy; the width of auroral arcs and bands, in angular elevation in the 
gm north-south direction, is often confined to a few degrees. 

Three main questions may be posed: 

(a) Can the absorbing ionization be created at a level below the visible aurora? 

(b) Why does the absorbing ionization appear to be more widespread over the 
sky than is the visible aurora? 

(c) Why is the auroral absorption more prominent by day than by night, 
whereas magnetic activity has its maximum around midnight? 


6. THe Layer IonizEp By AURORAL X Rays 


It seems likely that the answers to these questions are connected with the 
remarkable discovery that in auroral latitudes an ionizing radiation, much softer 
than cosmic rays, penetrates to levels as low as 50 km, or even 40 km (VAN ALLEN, 
private communication). This discovery was made by Van ALLEN and his colleagues 
of the Physics Department of the State University of lowa (MEREDITH, GOTTLIEB, 
and Van ALLEN, 1955; Van ALLEN, 1955, and other papers there cited). They 
used Geiger counters carried on a rockoon (or rocket launched from a balloon) up 
to about 100km; ascents were made in gm latitudes ranging from 54° to 84°. 
In the auroral region, between gm latitudes 65° to 77°, in ten out of twelve flights 
the soft ‘“‘auroral’”’ radiation was detected; at the higher levels the radiation 
showed spatial nonuniformities of intensity on a scale of a few kilometres. At 
first this radiation was interpreted as being the high-energy ‘“‘tail” of the energy 
distribution of the auroral particles; for penetration down to 50 km, the energy 
required by this interpretation was 1 MeV for electrons, and about 20 MeV for 
protrons. 

Recently Van ALLEN (1955) has revised this interpretation, in a way that much 
reduces the demands on the inferred energies. With the support of laboratory 
experiments, he now ascribes the rockoon Geiger counts to the action of X rays 
(Bremsstrahlung) generated by auroral (extraterrestrial) electrons with energies 
ranging from 10 to 100 keV—but probably lying mainly in the lower half of this 
range. At levels below about 80 km these counter-detected X rays come from 
impacts of the auroral electrons with atmospheric atoms higher up; above about 
80 km some of the observed X rays may be generated in the rockoon nose by direct 
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impact of the primary auroral electrons; the spatial irregularity of the X rays at 
these higher levels gives further evidence that the injection of the electrons into 
the atmosphere is patchy. 

Electrons of energies 10, 50, and 100 keV have ranges in air (NTP) of 0-2, 3-5, 
and 11-5cm. These correspond to penetrations down to about 107, 87, and 79 km. 
Most of the auroral electrons whose occurrence is inferred from the rockoon 
measures will thus be stopped at or above the usual lower border of auroral 
luminosity. There they contribute by direct impact ionization to the electron 
density of the upper D and the lower £ layer. 

About | electron in 1000 will give rise to an X-ray photon; the energy of the 
photon may equal the whole, or any fraction, of the energy possessed by the 
generating electron at the level of its impact with the atmospheric atom in which 
the generation occurs. The upper limit of the photon energies is inferred by 
Van ALLEN to be about 100 keV, with perhaps 30 keV as an average value. The 
X rays are emitted in all directions, but mainly in the forward direction, within a 
rather wide-angled cone around the direction of impact of the electron. Their 
ranges in air considerably exceed those of the electrons that generate them, whose 
influence is thereby extended to much lower levels than they themselves reach. 

The X rays ionize and excite the air particles along their path. The average 
energy expended per electron-ion pair produced is about 40 eV, much the same as 
for the pairs directly produced by the auroral electrons. Hence about 1000electrons 
are produced per X-ray photon. But for each X-ray photon produced, the number 
of ion-electron pairs’ directly produced by electrons that do not generate X rays 
will be of order 108. VAN ALLEN estimates the X-ray photon flux to be of order 
105 photons/cm? sec. This corresponds to X-ray production of electron-ion pairs 
at the rate 108/cm? sec. 

The region directly (and patchily) ionized by the auroral particles probably has 
a lower border between 80 and 90 km. The particles will be mainly protons and 
electrons—the electrons seem to be the more penetrating. The X rays produce a 
lower and more weakly ionized layer extending down to about 40 km. 

As Table 1 indicates, » increases by a factor of about 100 between 85 and 55 km. 
This factor is less than the ratio (about 1000) of the number of electrons that ionize 
directly, to the number of those that produce X rays. Hence the contribution to 
§ Nv ds made by the directly ionized layer will probably be decidedly greater than 
that made by the X-ray ionized layer; in the lower reaches of the latter layer the 
extra factor in the integrand of J will reduce the contribution to 7. But whereas 
the directly ionized region will be patchy, with practically complete absorption 
(for 30 Mc/s waves) in some regions, surrounded by nonabsorbing (or transparent) 
areas at the same level, the underlying X-ray ionized region will have a more 
uniform horizontal distribution. Hence this X-ray ionized region may be a main 
cause of the absorption observed with a wide-angle receiving antenna, such as that 
so far used at College. It may therefore help to provide the answers to the first 
two questions, (a) and (b), posed at the end of Section 5. 

D. R. Bates (1956) has pointed out an additional source of ionization by 
auroral particles, beyond that produced by their direct impacts. This source is the 
Lyman-alpha radiation emitted by the auroral protons during the intervals in their 
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descent in which they have become neutralized to hydrogen atoms. They are 
observed to emit H-alpha radiation, and hence their emission of L-alpha radiation 
can be inferred. The usual level of penetration of these heavy auroral particles 
probably lies above 95 km. Their L-alpha radiation will be emitted in all directions, 
and may be appreciable down to levels of 75 or even 70 km. It may be that the 
rate of ion-electron pair production, Q/c.c. sec, may have two levels of maximum, 
one determined by the heavy auroral particles, the other by the electrons. The 
ratio of the contributions made by the electrons and by the heavy particles cannot 
yet be stated. 


7. THe Daytime MAxiImMuM OF RaApbIo ABSORPTION IN AURORAL LATITUDES 


The third question posed at the end of Section 5 concerned the contrast between 
the daytime maximum of radio absorption, in frequency and intensity, and the 
nighttime maximum of magnetic and auroral activity. 

The answer here suggested is that below about 100 km the electrons become 
increasingly attached to form negative ions; but that in the daytime the ratio of 
electrons to negative ions is raised, as compared with nighttime, by photodetach- 
ment. Hence the same primary bombardment produces a weaker absorbing layer 
by night than by day. This effect is supposed sufficient to outweigh that of a 
greater flux of primary particles at night. 

The rate coefficients of the various processes involved in the D layer are not 
known, hence the hypothesis here stated cannot yet be properly checked. All that 
will be attempted here is an ad hoc numerical solution showing how the observed 
effects might be produced. In view of the many uncertainties, various minor 
factors will be ignored: such as the ionization due to ultra-violet light: possible 
changes in the atmospheric temperature and the rate coefficients as between day 
and night: also collisional detachment, as this is likely to be about the same 
throughout the 24 hours. 

Thus the equations of change of the eleetron density N and the positive and 
negative ion-densities V,, N_ are taken to be: 


dN 
“+ —Q—a,NN, —a_N_N, -_ 
dt 


dN 
a, = 9 — aN, — aN + pSN_ (12) 
at 


dN_ 


< allt le anaes (13) 
dt 


The suffix » or m added to symbols in these equations will indicate reference to 
noon and midnight respectively. These equations are to be solved in conjunction 
with the equation of electrical neutrality, VN, = N + N_. 

The symbols used in (11-13) have the following meanings: «, and a_ are 
respectively the recombinances (or recombination coefficients) for collisions between 
electrons and positive ions, and between negative and positive ions. The attach- 
ment coefficient is denoted by »n, where n denotes the number density of the 
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particles to which the electrons attach themselves; pS denotes the photodetachment 
coefficient, S being the intensity of the solar radiation involved in the process; Q 
denotes the rate of production of electron-ion pairs. The notations agree with 
those used by Bates and Massgy (1946) and Massry and Burnop (1952), except 
that they use p for what is here denoted by pS. The factor S, here introduced, 
will vary with latitude, season, and time of day; it is likely to refer to red or 
infra-red solar radiation, which will only be slightly absorbed, so that S may not 
vary much with height in the atmosphere. 

Sets of values of Q and the N’s are presented in Table 3, for the epochs of noon 
and midnight, that are consistent with (11-13), assuming a quasisteady state in 
each case, so that the d/dt terms are set equal to zero. 

It is supposed that the noon absorption is about 10dB, and the midnight 
absorption about 2-5 dB, although the midnight flux of particles is taken (rather 
arbitrarily) to be twenty times as great as the noon flux. 

The values of the coefficients in (11-13) are not known; the following are the 
values adopted here: 

a, = 10; a. = HO; pS = 0-1 (14) 


The adopted values of yn are shown in Table 3: they are proportional to the 
collision frequencies at the corresponding levels. 
The solutions given in Table 3 have been obtained taking account of the 


Table 3. 30 Mc/s radio wave absorption at College, Alaska, at noon and at midnight. Values of 
the electron and ion densities and other atmospheric characteristics. Numbers here expressed 
as a? signify a x 10° 
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limitation, indicated by the C-3 equipment at College, that N in the Z layer does 
not exceed 5 » 10°/c.c., even when the auroral flux has the high midnight values 
here adopted. The daytime integral of Q up to 80 km, during the intense absorption 
here considered, is taken to be not much more than ten times the value, 108/cm? sec, 
corresponding to VAN ALLEN’S estimate of the flux of X-ray protons as 105/cm? sec; 
the integral up to 80 km is here actually 1-27 «x 10%em?sec. Most of this ionization, 
mainly due to X rays, is indicated as being in the layer 70-80 km, which may also 
be slightly ionized by the fastest electrons and by Lyman-alpha photons. 

Table 3 gives the values of @, N and NV, at the middle level of seven 10-km 
layers, and also the values of the collision frequency and the attachment coefficient. 
It gives also the product 10-!7Nv dh (where dh = 10 km = 108 em) and of 10-17 dZ, 
where d/ denotes the contribution of the layer to 7; the denominator in (5) is 
significantly different from unity, for 30 Mc/s waves, in the first two layers. The 
table also gives a tentative reduction factor f to allow for the patchiness of the 
upper layers; between patches of ionization the radio waves can pass*unimpeded 
to the lower absorbing layers. The effective absorption depends on the sum of 
f dl for the several layers. 

No great accuracy has been attempted in the calculations leading to Table 3, 
because of the uncertainty of the assumed factors (14). 

The total values of 10-'"XfdJ at noon and midnight (the sums of the last two 
rows in Table 3) are 7-81 and 2-04; they correspond to absorption of 9-25 dB at 
noon and 2-4dB at midnight. Higher rates of noctural primary bombardment 
would of course further increase the night-time radio absorption. 

The level of greatest absorption per km of air traversed as shown by Table 3, 
is between 70 and 75 km at noon, and at about 80 km at midnight. At noon the 
region 50-90 km accounts for over 90°% of the absorption, at midnight over 80% 
occurs in the region 70-100 km. At either epoch the region above 110 km 
contributes insignificantly to the absorption, and this would also be affected only 
slightly by moderate changes of N in the layers 40-50 km and 100-110 km. 

Table 3 indicates a considerable density of ions even in the lowest region, 
40-50 km, during auroral bombardment. It should be relatively easy to test 
whether this actually exists, by suitable equipment on rockets of moderate range. 
If it is not observed, it will probably imply that «_ is greater than 10-®; the 
assumption of a materially greater value of «_ than that of (14) would involve 
adjustments of other constants used in the calculations for Table 3, in order to 
give the adopted noon and midnight values of J. 

It must be emphasized again that Table 3 is speculative and uncertain; 
doubtless further observed radio and rocket data will require changes in it. 

Prima facie, however, it presents a possible ‘“‘model”’ of ionospheric conditions 
that can account for the data described earlier in this paper. 

Other considerations that may require revision of these tables are (a) the time 
of relaxation of the absorption, and (b) the corresponding daily variation of 
magnetic activity. These topics will be discussed in a later note. 

This work was supported in part by a grant from the National Science 
Foundation, and by the Geophysical Research Directorate, Air Force Cambridge 
tesearch Center, and the Boulder Laboratories of the National Bureau of Standards. 
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Abstract—The results of some measurements of ionospheric absorption taken at Delhi during June 1954 
to December 1955 are described. The measurements were carried out on 5 and 2-5 Mc/s. A brief 


description of the experimental setup is included in the paper. 

The analysis of data shows that the diurnal variation of absorption gives |log p| oc (cos y)°*. The 
value of aN has been indicated from the observed value of the “‘relaxation time.”’ The absorption at 
night has been observed to be considerable at our latitude. It has been postulated from the low value 
of the exponent in the diurnal variation factor, the magnitude of the relaxation time, and from direct 
measurements of absorption on Hs and F echoes, that the main absorption is probably taking place 


in the D region. 


1. INTRODUCTION 


In recent years a number of papers have appeared dealing with the measurement 
of ionospheric absorption. These measurements were mostly carried out at higher 
latitudes, and data for lower and tropical latitudes are significantly meagre. Toa 
radio engineer, a knowledge of ionospheric absorption at different geographical 
latitudes is extremely important for planning long-distance radio communication; 
to a geophysicist it is equally important for obtaining information on the properties 
of the ionosphere. The present paper deals with some measurements of ionospheric 
absorption conducted at Delhi (28° 35’ N, 77° 5’ E). 

Measurement of ionospheric absorption has been under active consideration 
of the Research Department of All India Radio for some time in the past. New 
circuit techniques were being evolved which would enable measurement of iono- 
spheric absorption continuously and automatically. It was in May 1954 when we 
were able to finalize our “absorption recorder’ and then we commenced regular 
measurements. To begin with, we confined our measurements to local noon on 
5 Mc/s. The scope of the investigation was extended later to include diurnal 
variation of absorption, its variation during night, and sluggishness of the iono- 
sphere. The analysis of observations has yielded some useful results. The object 
of the present paper is to describe them, the period of observation being June 1954 
to December 1955. In an investigation of this nature, one requires systematic 
observations spread over a large number of years in order to arrive at any statis- 
tically significant result. Our conclusions will, therefore, be somewhat preliminary. 
The technique of measuring absorption will be briefly outlined, the detailed 
experimental setup will be published in a separate paper. 


2. EXPERIMENTAL PROCEDURE 


Our method of measurement is more or less the same as APPLETON’S (1937), 
with the difference that instead of measuring the amplitudes of successive echoes, 
we have employed suitable circuit techniques to obtain directly the reflection 
coefficient on a logarithm scale. We shall closely follow APPLETON in the general 


nomenclature used in the paper. 
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The apparent reflection coefficient p may be defined as 


ne Electric field of the polarized wave reflected from the layer 

Pp ™ Electric field of the corresponding polarized wave incident on the layer 
—log p is defined as the measure of absorption. The measurement of iono- 
spheric absorption could be carried out by comparing the amplitude of successive 
echoes, taking advantage of the fact that such echoes arrive at distinct time 
intervals and can easily be separated when pulsed transmission is used. 

At vertical incidence, 
ans 
ph, 


eens” 


where f = a constant, 
= ground signal, 
= amplitude of the first echo, 


» — amplitude of the second echo, 
= apparent reflection coefficient of the ground for the wave frequency 


employed. 


R 
log p = log B + log Z 
(2) 


R 
= log 2 — log p’ + log 7 
1 


One can evaluate log 8 from simultaneous measurements of -log zs and log a 
1 


Once log f is known, log p could be determined on first reflection alone. This 
procedure has to be adopted, since in routine observations, often the first-order 
reflection is alone present. It is, of course, necessary to evaluate log 6 each time 


any change in the experimental setup is made. 

Our technique of measuring absorption is based on the above principles. We 
have, however, kept the transmitter and the receiver at the same place. A suitable 
pulsed signal from a signal generator adjusted to the same frequency is utilized 


in place of the ground signal for comparison purposes. 


3. EXPERIMENTAL SETUP 


A block schematic of the experimental setup is shown in Fig. 1. A 1-kW pulsed transmitter 
connected to a vertical delta aerial acts as the signal source. The signal is received by a Hammar- 
lund Super Pro receiver modified for pulsed reception (Mirra and Roy, 1951). The receiver 
is connected to another vertical delta aerial oriented at right angles to the transmitting antenna. 
A suitable pulsed signal from a signal generator adjusted to the transmitter frequency is also 
injected to the input of the receiver. To minimize desensitization of the receiver by the strong 
ground pulse, the receiver is muted during the time interval occupied by the ground pulse by 
means of an externally generated disabling timegate. The rectified video output of the receiver 
is then passed on to the absorption recorder. 

The basic operating principles of the absorption recorder are as follows. An electronic 
gate of variable width and delay (MazuMDAR and Mitra, 1954) “‘selects’’ the calibrating pulse 
(or the first echo, as the case may be). The ‘‘gated echo” is then passed on to a logarithm 
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Fig. 1. Experimental set-up—absorption measurement. 
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. Block schematic—absorption recorder. 
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Fig. 3. A typical |log p| curve (speed 3 in./min). 
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amplifier which gives log @ (or log R,). Another electronic gate of independently variable 
width and delay selects the first echo (or the second reflection). The gated output is similarly 
passed on to a second independent logarithm amplifier, which gives log R, (or log R,). The 
. es R, ye 
two logarithm outputs are combined in a difference circuit which gives log ( or log — ). lhe 
G R,. 
d.c. output from the difference circuit is recorded on an Esterline Angus recorder which records 
the time-variation of |log p}. The circuit parameters are so adjusted that each division in the 


¢ 


recorder chart represents 1 dB. The block schematic of the absorption recorder is shown in 
Fig. 2 and a typical absorption record is shown in Fig. 3. The recording speed is kept at 3 in. 
per minute. 

The variation of |log p|, as indicated in Fig. 3, is due to the fading of the received signal. 
An absorption record on any wave frequency is usually taken for 5 min or more continuously, 


depending upon the nature of the fading, and the average |log p| is then worked out. 


The noontime measurements are taken on a wave-frequency of 5 Mc/s, and daily 
measurements are available since June 1954. Since no polarized aerial system 
has been used in the experiment, some records of |log p| indicated periodic 
variations due to the interference between magnetoionic components (MITRA, 
1950). Such records are excluded from our analysis. Quite a large number of 
records are, however, available in which only the ordinary component was gated, 
either when the two components were distinctly split, or when the extraordinary 
component was too weak in intensity. We have verified this point from the 
vertical incidence h’-f records taken simultaneously with the absorption measure- 
ments. We selected 5 Mc/s, as this wave frequency was well above the critical 
frequency of the # layer and well below the critical frequency of the F layer, 
during the period of observation, so as to avoid any deviative absorption. The 
measurements during night were carried out on 5 and 2-5 Me/s. 


4, DIURNAL VARIATION OF 
APPLETON (1937) has shown that for a simple Chapman layer, the nondeviative 


absor ption 1s given 


atial absorption coethcient, 


‘ge and mass of the electron, 
lensity at the level of maximum electron production when 

y, the solar zenith angle, is zero, 
electron-collision frequency at the same level, 
scale height, 
- 1. ra WvA fr . " — 
anguiar wave iIrequency, 
angular gyrofrequency component in the direction of propagation, 


= electron-collision frequency, 


signs refer to the ordinary and the extraordinary components 


respectively. 
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According to this theory, therefore, 
log p| oc (cos x)? (4) 


It has been observed by several observers that the simple relation") is not 
strictly obeyed. It is, therefore, preferable to start with the following relationship 
between |log p| and solar zenith angle 7; 


log p| oc (cos x)”. (5) 


Observations so far carried out by different workers have given different 
values of n, but mostly lower than 3/2. BrEst and RaTcLiFFE (1938) found, 
however, that |log p| varied as (cos x)°*. But, as pointed out by APPLETON 
and Piacort (1954), this result might have been influenced by deviative absorption. 
TAYLOR (1948), from observations on continuous waves at practically vertical 
incidence, has deduced the value of n as 0-8. APPLETON and PiacorT have shown 
from an analysis of several hundred observations of diurnal variation of |log p| 
that the most frequent value of n is 0-75. Mirra and SHAIN (1953) have indicated 
from an investigation of ionospheric absorption on 18-3-Mc/s cosmic radio noise 
that the mean value of n for D-layer absorption is 0-83. Davies and Hage (1955) 
have shown that n is about 0-5 in the auroral zone. 

Our values of |log p| have been evaluated from the half-hourly absorption 
records taken on various occasions. Such values were plotted on a logarithmic 
scale to indicate the variation of |log p| against cos zy. The slope of the straight 
line that best fits the observed points gives n. Strictly speaking, one should denote 
the variation of {log p| against 1/Ch(R, x), where Ch(R, x) is the appropriate 
Chapman function for the layer. We have calculated the values of 1/Ch(R, x) 
assuming the scale-height as 5-8 km. It has been found that cos y does not vary 
appreciably from 1/Ch(R, 7) for y < 85°. We shall, therefore, indicate the diurnal 
variation of |log p| against cos x. 

On one or two occasions we have grouped together the half-hourly values for 
a few days and calculated the average. This was done only when the day-to-day 
variations were small. Such average values of |log p| were then plotted against 
cos x to determine n. Fig. 4 shows the logarithmic plot of |log p| and cos x for one 
such occasion. The value of the exponent n as given by the slope of the straight 
line in the figure comes out to be 0-54 for this particular record. 

It would be seen from Fig. 4 that the curve showing diurnal variation of 
log p| is a fairly straight line. We have taken a large number of such observations 
of diurnal variation on 5 Mc/s. But many of the records could not be utilized 
because of partial reflection, magneto-ionic fading, and high level of noise. Twelve 
sets of reasonably good observations are available and have been analysed. Table 1 
below gives the values of m on these occasions. 

The above table indicates that n lies between 0-33 and 1-13. But in the case of 
eight observations, the value of » has been found to be within the range 0-53 
to 0-8. The average of all the values comes out to be 0-62. We therefore conclude 
from our measurements conducted so far that the variation of |log p| with solar 
zenith distance obeys the following law for our latitude (Delhi, 28° 35’ N, 77° 5’ E): 


llog p| oc (cos )*® (6) 
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Fig. 4. Diurnal variation of |log p| on 5-0 Mc/s (averaged over 10 days’ readings, 25.6.54 to 5.7.54). 
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During our measurements we observed that, on 5 Me/s, reflections from F layer 
alone were not always present. Sometimes Hs and F could be simultaneously seen. 
At some other time a “blanketing EZs”’ or single returns from F could be noticed. 
The values of |log p| on blanketing Hs are found to be of the same order as those 
taken on F-layer returns (taking into account the difference in spatial attenuation 
in the two cases). But when Hs and F returns are simultaneously seen, the values 
of |log p| on echo from the F layer are found to be appreciably different from 
those taken on F return when no Es was present. This was presumably due to 
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extra loss of energy caused by Hs. In our analysis, we have omitted those measure- 
ments when both Es and F were present. 

A change in the value of the exponent n from unity (as assumed by CRPL, 
1948) or 0:75 will produce a significant variation in the overall absorption. Some 
calculations of the nondeviative absorption have been made assuming the CRPL 
approximation and the variation as would be produced with n as 0-62. The results 
are discussed below. 

In the CRPL formula, the absorption factor K is given by: 


K = 0-142 + 0-858 cos y. 
K has also been calculated assuming 
K = (cos y)** 


as experimentally obtained by us. The relative increase of absorption on equation 
(8) over that on (7) has been calculated for various values of y and is shown in 


Table 2. 


Table 2. Relative increase of absorption for (cos )® ® 





cos x Increase in absorption (%) 








The maximum relative increase is 18-6% for cos y = 0:3. The CRPL formula 
will, therefore, require suitable revision if applied for calculating the sky-wave 
field intensity at our latitude. 


5. OTHER DAYTIME MEASUREMENTS 

(a) Relaxation time 

APPLETON (1953) has indicated that due to finite time of recombination in the 
ionosphere the diurnal maximum of the absorption is reached not at local noon 
but a certain time after midday. This time is called the ‘relaxation time” of the 
ionosphere and is given by: 

l 
t (in secs) = — 9 
(in secs) = 5 (9) 

where « is the effective recombination coefficient and N is the density of ionization 
of the absorption region. 
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We have recorded the variation of |log p| continuously from 1000 to 1400 IST 
(LMT —22 min) on several occasions during each month. A typical variation 
of [log p| with local time is shown in Fig. 5 which indicates the value of ¢ as 
53 min. aN comes out to be 1-6 x 10-4sec-!. We have also averaged on a 
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Fig. 5. Showing the relaxation time of the ionosphere. Date 1 April 1955. Frequency 5 Mc/s. 


monthly basis the values of |log p| at fixed times and plotted the average variation 
with local time (local time is derived from LMT corrected for equation of time). 
The relaxation time for such several instances lies between 30 and 60 min. with 
a mean near about 45 min. 
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Fig. 6. Seasonal variation of |log p|, frequency 5 Mc/s. 


(b) Seasonal variation of \log p| (midday) 

The measurements of the midday values of |log p| on 5 Mc/s are available 
for a period of about eighteen months. These data have been averaged over 
various months, to indicate seasonal variation of absorption. Fig. 6 represents the 
monthly midday values of jlog p| from September 1954 to December 1955. The 
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highest average value of 27:-4dB has been obtained in summer and the lowest 
in winter of 19-5 dB. However, the data collected so far is considered insufficient 
for going into the question of ‘‘seasonal variation factor.”’ 


(c) Direct-current conductivity 

We may also calculate the direct-current conductivity from the value of 
absorption, assuming the absorption region as a simple Chapman layer. The 
method of calculation has been given by APPLETON (1937). The relation is: 


[o dh = = ea ; llog p| . (10) 


Our wave frequency f was 5 Mc/s, fy = 1:02 Mc/s (Mirra, 1955), f, = 0-7 Me/s, 
and |log p| at midday was about 3. Thus the total electron conductivity comes 
out to about 2-25 x. 101! e.s.u. 


6. NIGHT-TIME ABSORPTION 


We have carried out measurements of |log p| at night on 5 and 2-5 Mc/s. The 
half-hourly values of |log p| on returns from F layer on each day have been 
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Time 1.S.T. 
Fig. 7. Variation of |log p| after sunset. 


I. Summer (June-July 1954)—5 Me/s. 
II. Winter (Nov.—Dec. 1955)—2-5 Me/s. 


























averaged for a few days, and Fig. 7 shows the variation of {log p| with time after 
sunset. Curve I in Fig. 7 pertains to measurements on 5 Mc/s for a few consecutive 
days during June-July 1954 and curve II gives the variation of |log p| on 2-5 Me/s 
during Nov.—Dec. 1955. It will be seen from this figure that the absorption 
during night on vertical incidence is quite appreciable in our latitude. The average 
critical frequencies of the F layer during June-July 1954 was varying between 
6-2 and 5-8 Mc/s from 1900 to 2100 IST. It is possible that there might have 
been some amount of deviative absorption present late in the evening. But 
during Nov.—Dec. 1955 the critical frequency was much above 2-5 Mc/s during 
the period of measurement, and the possibility of any deviative absorption was, 
therefore, less. 

Fig. 7 reveals the following interesting results. Our measurements on 5 Mc/s 
during summer indicate that the absorption was remaining practically constant, 
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varying between 11 and 8 dB from 1930 to 2100 IST. The measurements during 
winter on 2-5 Mc/s follow more or less the same pattern; the absorption came down 
from about 8 dB at 1830 to about 6dB at 2100 IST. After 2100 IST, there was a 
rise in the value of |log p|, possibly due to deviative absorption. 

The residual absorption at night has not hitherto received serious consideration. 
This has been considered to be negligible for all practical purposes. An analysis 
of eleven years’ measurements of field strength of internal short-wave transmitters 
of AIR taken during night over various distances has revealed (MiTRa and 
SRIVASTAVA, 1953) that night-time field strength is correlated with sunspot number, 
indicating a solar control of absorption at night. The mechanism responsible 
for producing and maintaining ionization in the absorbing layer at night is, 
however, not clearly understood. Davies and Haga (1955) have found quite 
appreciable nondeviative absorption at night on 2 Mc/s, and have concluded from 
a correlation between absorption and magnetic index that the residual ionization 
during night may be caused by corpuscular radiation. We have also found some 
confirmation of this view from our analysis of solar-eclipse observations of June 
1954. We have observed from a comparison between the values of |log p| on 
the control days and those on the eclipse day that there were two corpuscular 
eclipses of |log p| corresponding to two different speeds of the corpuscular 
radiation. (The results are described in a paper in course of publication.) This 
indicates that at least a part of the ionization of the absorbing region is caused by 
corpuscular emission from the sun, and this may explain the high value of residual 
absorption in the night observed by us. But a difficulty arises in explaining the 
correlation between nighttime absorption and sunspot number as also observed 


by us. 


7. Discussion oF RESULTS 
Summarizing the main features of our observations, we arrive at the following 


conclusions: 


(i) The average diurnal variation factor is 0-62. 
(ii) The relaxation time of the absorbing region varies between 30 and 60 min 
with a mean around 45 min. 
(iii) The midday absorption varied between 27:4 dB in summer and 19-5 dB 
in the winter during the period September 1954 to December 1955. 
(iv) The residual absorption at night is appreciable. 


The assumption of a simple Chapman layer for the absorbing region would 
require n to be 1-5. There is now enough evidence to indicate that n is always 
less than 1-5. One of the reasons may be that the main absorption is taking place 
at the D layer, which does not strictly behave as a simple Chapman region. If 
one assumes that for the D region the recombination coefficient varies directly 
with pressure, the value of n becomes of the order of unity (APPLETON and Piae@orr, 
1954). There is also other experimental evidence to indicate that when n is of the 
order of 0-6, the main absorption takes place in the D layer. BENNER (1951) has. 
shown from daytime measurement of ionospheric absorption by means of pulsed 
transmissions on 150 Ke/s (at which frequency most of the absorption will be 
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from the D layer) that n is 0-62 in the morning and 0-42 in the afternoon. It 
appears, therefore, that higher values of n can be attributed to contribution from 
the EF layer, whereas the lower values indicate that most of the absorption is 
from the D region. Our average value of n was 0-62, which would indicate, from 
the arguments advanced, that the main absorption was taking place below EF 
region. The same order of magnitude for the values of |log p| as obtained from 
measurements on blanketing Hs and on F (in the absence of Hs) would also support 
this hypothesis. 

The absorbing region may also be identified from the observation of the relaxa- 
tion time. The probable value of the relaxation time for the E layer (t,) can be 
worked out from the recombination coefficient «, obtained otherwise and from 
the electron density in the # region. Since «, is of the order of 1-0 x 10-8 cm3/sec 
(PiccortT, 1953) and Ny = 10°/ec, the value of ¢t, comes to about 8 min. ty, can 
also be obtained from solar eclipse observations where the time taken by the # 
layer to show a minimum in the ionization density reckoned from the maximum 
of the eclipse gives the value of the relaxation time. Thus BaRAL and MiTrRa (1944) 
found t, as 8 min. But the relaxation time for the D layer (t,), as determined from 
direct experiments, gives a much higher value. BENNER’S measurements of D-layer 
absorption on 150 ke/s give tp, as 60 min. A theoretical estimate of tp, from observed 
value of «p has been shown by Mirra (1954) to be about 70 min at a height of 
80 km. From these observations it is reasonable to take 60 min as the relaxation 


time for the D region. In our experiments, we have found the value of the relaxa- 
tion time as 45 min, which shows that the main absorption was taking place in 


the D region. 
APPLETON and Pigcott’s (1954) values of n and relaxation time (0-75 and 


20 min respectively) appear, therefore, to be consistent with the hypothesis that an 
appreciable contribution to absorption at their latitudes was presumably coming 
from the # layer. Our values, however, indicate that the main absorption was 
taking place probably in the D region. 

In a recent paper, Mirra (1955) has worked out relationships between n,t and 
absorption for the D and £ regions. His formula can be utilized to ascertain the 
relative proportion of D and £F layers’ absorption from a knowledge of n or 
relaxation time. He has shown that under some plausible assumptions the following 
relationships can be established: 


K ite. nA p at PA 
E ara B 


en (12) 
nAn t—tp 
- diurnal variation factors for D and F layers respectively 

(assumed). 

= values of D and £ layer absorption, respectively at the time of 
maximum resultant absorption. 
observed diurnal variation factor. 

= resultant relaxation time for both D and £ layers. 
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Taking K = 0-62, n=0-5, p =1-5, we find that 4, ~7A,. Thus, our 
measurements indicate that the absorption suffered in the D layer by a 5-Me/s 
wave must have been at least seven times that of the # region. Similarly, taking 
tp ~ 60, equation (12) shows that for a relaxation time of 45 min for a 5-Mc/s 
wave, the absorption in the D layer must have also been seven times that in the 
E region. We may, therefore, conclude that the daytime absorption at our latitudes 
on high frequencies is mostly contributed by the D layer. 

Another feature of our observation is the fact that there is appreciable absorp- 
tion at night, and which does not vary much with time. This cannot be explained 
in terms of solar ultra-violet radiation as the only ionizing agency. The possibility 
of the corpuscular radiation maintaining the residual ionization of the absorbing 
region at night cannot be overlooked. The evidence of “‘corpuscular eclipse’? on 
log p| measurement as observed by us during our investigations of the solar 
eclipse of 30 June 1954 indicates that a part of the ionization in the absorbing 
layer may be caused by the incidence of corpuscular emission. But our analysis of 
field-strength measurements over a complete solar cycle indicates a correlation 
between nighttime absorption and sunspot numbers. Further measurements of 
log p| at vertical incidence may clarify the situation. 
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RESEARCH NOTES 





Drift measurement of the E layer during the solar eclipse 30 June 1954 
(Received 26 June 1956) 


At Kjeller the drift of the # layer using the Mitra method has been recorded during a 
two-years period 1953-55 on a fixed frequency of 2 Mc/s. In the following the results from 
the records on the day of eclipse and the two subsequent days will be discussed. At Kjeller 
the eclipse was 99-5°%. The P’f curves were recorded at short intervals on the days before, 
during and after the eclipse and the changes in maximum electron densities have been 
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Fig. 1. Phillips record of H-layer drift. 


discussed by LanpMaARK, LigD, OrRHAUG, and SKRIBELAND (1956). On Fig. 1 a Phillips 
record of the “‘spikes”’ indicating the drift directions is shown and on Fig. 2 the components 
of the wind directions have been marked off for each ten minutes. The record shows a 
steady component towards E and N during the day of the eclipse, which are the normal 
mean drift directions during summer day. During the maximum period of the eclipse the 
wind directions were reversed for both components. A closer study of the simultaneous 
P’f curves indicates the following explanation of this effect. 

During the day of eclipse the E layer consisted of a normal £ imbedded in a stratum of 
Es. From the P’f records it was, however, possible to follow the gradial changes in the 
critical frequency of the normal #. From Fig. 2 it is evident that at the moment when 
the critical frequency of the normal £ decreased below 2 Mc/s (which was the test frequency 
for the drift measurements) the drift directions were reversed. During the maximum period 
of the eclipse we were apparently recording the drift of the Es layer. Similarly, when at 
the end of the eclipse the critical frequency of the normal £ increased, the drift directions 
were again reversed when the critical frequency of normal EF passed the test frequency 
2 Mc/s. The drift of the normal # was again recorded. 
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Fig. 2. Components of E-layer drift. On the upper part of the figure the 
critical frequencies of the normal FE during the eclipse day are indicated. 


The effect stated is an example of variation in drift directions when going from normal 


E to an Es layer lying at a somewhat greater height. 
L. HARANG 


Norwegian Defence Research Establishment K. PEDERSEN 


Kjeller, Norway 
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Research notes 


On the intersection of two slender cones 


(Received 25 June 1956) 


THis note determines an approximate volume of the intersection of the cone of a searchlight 
and the cone of vision of a telescope, under the restrictions that the axes of the cones 
intersect. An error curve is shown in Fig. 2 for the limits considered. The “‘true’’ volume 
was computed by numerical integration on an International Business Machines Corporation 
Type-701 digital computer 
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Fig. 1. Geometry. 


In Fig. 1 R is the larger radius at the intersection P, and r is the smaller. The angle 6 
is the angle between r and the axis of the larger cone. 
The volume of the intersection of two right circular cylinders having radii.r and R 


whose axes intersect at P with an angle 6 is V 


Cr (R2 — y2)1/22(72 — y2y2 . 
4 | dy. Thus, if 
/0 


cos O 

Te gg te en ee 

F (R* — r* sin? 6)!/2 r? cos? 6 dé 
COs 


70 


rsinfand 7/R<1, V= 


8 R8 hs 
[(1 + r2/R2)E(r/R) — (1 — r?/R?)K(r/R)] 


~ 3 cos 0° 
where K(r/#) and E(r/R) are the complete elliptic integrals of the first and second kinds. 


The computation of the “true” volume is made by using the definition of the Riemann 
integral and summing. Thus the truncation error of computation can be indicated by 
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computation with two different mesh sizes. This has been done, and the truncation error, 
which is proportional to the square of the mesh size, is indicated in Table 1. The compu- 
tation is simple encugh to make the round-off error small compared with the truncation 


Table 1 
| | 


| 
Mesh size Volume | Mesh size | . | aan | 
1 9 | Volume 2 truncation 


error 





Approximate 
volume 


| 





| | 
| 1-71805 x 10-8 | 4-5 x 10-5 1-71811 x 10-8 2-4 x 19-10 1-7178 x 10-8 





2-630516 x10-5, 10-4 2-631457 x10-5 | 3-3x10-® | 2-629 x 10-5 





1109315 x 10-9) 4x10-4 | 1-110152 x 10-3 | 3:°3x10-7 | 1-1013 x 10-3 





In all cases b is assumed to be 1 and ¢, = ¢, = 0:0065449880 radians. 


error. In Fig. 2 there are plots of the differences between the “true” volumes for the 
geometric representation of Fig. 1 for different ratios h/b. 
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Fig. 2. Error curves. 











The approximation error is primarily a function of the angle 6, and as long as the ¢, are 
small is almost independent of the specific values of the ¢;. 


Naval Ordnance Test Station JoHN E. MAxFIELD 
China Lake, California R. G. SELFRIDGE 
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Ionospheric absorption observed on the 23rd February 1956 at Kjeller and Tromso 
(Received 27 August 1956) 


REsvtts of absorption measurements carried out at Kjeller (60° N, 11° E) and at Troms6 
(70°N,19° E) during the intense solar eruption of 23 February 1956 may be of some assistance 
when discussing the magnitude of the ionization built up in the nighttime ionosphere 
during the event. 

Both at Kjeller and at Tromsé, ionospheric absorption measurements were carried out 
at vertical incidence with the usual multiple reflection technique. In Fig. 1 the detailed 
observations of absorption index at Kjeller are plotted together with apparent height of 
the reflecting layer at the frequency in use. 
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Fig. 1. Ionospheric absorption measured at Kjeller, 23 February 1956 


The atmospheric noise level is indicated by the value of D that would make the reflected 
signal equal to the noise, i.e. when the noise-level index is above the observed absorption 
index, the measurements are reliable. 

The echoes were not lost at any time at Kjeller, though between 0600 and 1000 GMT 
the echoes were most of the time of the same magnitude as the noise. 

Our measurements at Troms6 gave similar results, the echoes were, however, lost at 
approx. 0500 GMT and the “‘no echo” condition lasted for forty-eight hours. 

It is apparent from Fig. 1 that at Kjeller nothing very extraordinary happened to the 
total nondeviative absorption in the D and E layers during the solar flare at approximately 
0335 GMT and the following cosmic-ray disturbance. 

But absorption increased gradually from 0400 GMT and throughout the day showing a 
diurnal trend very different from the normal one also indicated in the figure. 


Norwegian Defence Research Establishment F. Liep 
Kjeller, Norway 





On the remarks of D. R. Bates and B. L. Moiseiwitsch (1956) regarding 
the O, and O,* hypotheses of the excitation of the OH airgiowt 


(Received 15 September, 1956) 


THE rocket investigations of KoomMEN, ScoLnik, and Tousay (1956) have shown that the 
nocturnal emission in the region of 5300 A appears at an altitude of from 80 to 115 km, 
attaining maximum intensity at about 100 km. As Hunarrts and Nico.et (1950) had 
supposed earlier, this emission consists of two rotational-vibrational bands, namely 6-0 
and 9-2 hydroxyl in the ground state. The O,* hypothesis of hydroxyl excitation put 
forward by Krassovsky (1952, 1954, 1956) is thus completely confirmed in view of the fact 
that the O, hypothesis does not explain the appearance of hydroxy] emission at an altitude 
of about 100 km. The considerations put forward by BaTss and MorsEtwitscu (1956) on 
the O, and O,* hypotheses before the results of the investigations of KoomEen, Scoxnic, and 
Tousay were made known, are inexact and in the light of the new facts have to a great 
extent lost their original value. 

Here we shall briefly outline these considerations, a fuller treatment of which will be 
published in The Progress of Physical Sciences (USSR). 

Gaypon’s (1947) data on the dissociation energy of molecules leave no room for doubt 
that the excitation of tenth OH vibrational level in the ground state is inevitable. The new 
data supplied by Brix and HerzsBere (1954) are not so favourable as to enable us to 
exclude completely the possibility of such excitation. Even if the sum total of the reaction 
energy of the process and its activation energy were to be 1-2 kcal/mole below the excitation 
energy of the tenth level (80-6 kcal/mole), this level would be inevitably excited, as at a 
temperature of about 260°K, a considerable part of the molecule would have a degree of 
energy exceeding the activation energy which equals 3 kcal/mole. Moreover, experimental 
data have only shown that the activation energy of the (0, + H) process is less than 
5 keal/mole (cf. Jost, 1946). The figure of 3 kcal/mole is therefore a rather arbitrary 
quantity and cannot serve to prove the limit of excitation exactly. 

We are happy to note that BarrEs and MoIsEIwITscH agree with the process of the 
suppression of OH* bands, beginning with the tenth level and higher as a result of the 
reaction of so great a degree of excitation of the OH molecule with O, and N, molecules as 
suggested by us. Thus, the fact that high OH vibrational levels were not observed in 
mixtures of ozone and atomic hydrogen in the experiments made by McKINLEY, GARVIN, 
and Bonpart (1955) may be explained by the presence of the O, molecule. 

Though extremely popular, the argument put forward regarding the ninth level was by 
no means decisive. 

When evaluating the reaction O + O, + M-> O, + M we made use of the new value of 
the rate coefficient of the reaction = 10-*877/2 cm® sec~! from the research of ENIKOLOPJAN 
and NALBANDJAN (1950), and not the old value of 5 . 10-9*77/? cm sec—! used by BaTEs and 
NIcoLeT (1950). The result was thus different and not in favour of the O,-hypothesis. 

As SHKLOvSKY (1951) took the OH oscillator strength as equal to 1, his evaluation of the 
maximum OH content of the earth’s atmosphere was in reality lowered. 

The ozone-forming radiation absorbed at altitudes of about 75 km would be insufficient 
to support the hydroxy] emission at the level observed, as there are a number of obstacles 
that prevent the complete transformation of the migrating energy into the hydroxyl 
emission. The newly formed ozone molecules are used up not only in reactions with atomic 


+ An asterisk (*) is affixed to the chemical symbol for a molecule when it is desired to draw attention to 
the presence of vibrational excitation in the ground state. 
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hydrogen, but also in reactions with atomic oxygen. According to HEars and HERZBERG 
(1952), the mean radiative life of OH* is in the magnitude of 10-* sec. At an altitude of 75 
km the number of collisions reaches 5 . 10° sec~!. The OH* collisional deactivation will thus 
be exceptionally high and should not be ignored, as was done by BaTEs and MoIsEIwITscu. 
Further, when the O, and O,* hypotheses are compared, the same effective temperature of 
the sun should be used. The data of Jonnson, PARCELL, TONSEY, and WATANABE (1952), 
which were used to support the O, hypothesis, correspond to a temperature exceeding 
4500°K, whereas the O,* hypothesis was criticized precisely for using a temperature of 
4500°K. The foregoing is completely borne out by the fact that the hydroxyl emission does 
not arise at altitudes lower than 80 km, as was supposed in the O, hypothesis. 

Criticizing the O0,* hypothesis, BATES and MoIsEIwITscH exaggerated the role of the 
deactivation of O, vibrational excitation in the ground state. According to KONDRATJEV 
(1936), the vibrationally excited molecules in the ground state during collisions decrease the 
vibrational quantum number v per unit, the probability of this process, calculated per 
collision, ranging within the limits of 10-? for large v and 10-4 for small v. Further, the 
interchange processes O,* with O need not necessarily be accompanied by a change of v. 
But processes that take place without any change in v may escape notice, as they are not 
accompanied by any change in the O,* concentration. 

The O,* molecule at v > 27 will react to O, at practically every collision, but for the 
deactivation of O,* at v < 27 no less than one hundred collisions are necessary. Should 


~ 


O,* at v > 27 and O,* at v < 27 arise in similar quantities, the concentration of O,* at 


v > 27 will be not less than one hundredth part of the O,* concentration at v < 27. 


The density of the medium is unimportant, as O,* is deactivated only by collisions and 
not by radiation. OH* at v < 9 may appear in O,* at v < 27 reactions. 


All our suppositions have been completely borne out by the fact that the hydroxyl 
emission arises in the zone of effective association of oxygen at an altitude of approximately 
100 km, where no OH* bands are observed in transition from the initial level above the 


ninth level. 

There are obviously still a number of questions that need further investigation. Among 
them we might point, for example, to the necessity of obtaining further data on the effective 
cross-sections of elementary chemical reactions and deactivation processes. The question of 
the transitional probabilities of OH* is still unclear (SHKLOvsky, 1951, and Heaps and 
HERzBERG, 1952). We still have no exact information on the H content in the upper 
atmosphere. Nevertheless, the foregoing gaps in our knowledge will, we believe, not 
materially change our basic conceptions of the nature of the OH airglow. 

V. I. Krassovsky 


Institute of Physics of the Atmosphere, 
Academy of Sciences USSR, Moscow 
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And, again, where for O,* V is shown to equal 25 and 26, the figures should read 27 and 28 respectively. 
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On the energy distribution of secondary auroral electrons 


(Received 24 September 1956) 


For the interpretation of the auroral spectrum it is necessary to know the energy distri- 
bution of the electrons ejected by the primary particles. Quantal calculations relating to 
ejection from atomic hydrogen have been carried out by BaTEs and GRIFFING (1953, 1955). 
However, atomic hydrogen is unrepresentative of the atmospheric constituents as is 
evident from the fact that the distribution of the absorption cross-section through its 
photoionization continuum (which is closely related to the energy distribution of electrons 
removed in fast collisions) is very different from the corresponding distributions through 
the photoionization continua of atomic oxygen and nitrogen: thus the absorption cross- 
section of hydrogen falls off rapidly above the spectral head, whereas the absorption 
cross-sections of oxygen and nitrogen first increase and then fall off quite slowly (cf. 
BaTEs and Seaton, 1949). 

Neon is sufficiently similar to oxygen and nitrogen for an investigation on it to be of 
relevance in connection with aurorae. In the present note we briefly report some results 
obtained for the case of proton impact. 

The mathematical analysis involved is rather lengthy but not difficult, and need not be 
described. It is enough to state that Born’s approximation (cf. Morr and Massey, 1949) 
was used; that the active electron when bound was represented by a Hartree-Fock wave 
function* (the radial part being fitted to a pair of exponentials), and when free by a unit- 
charge Coulomb wave-function of which only the d component was taken into account. 


The final formulae are given in the appendix. 


* We wish to thank Miss B. H. WorsLey, who computed this wave function, for making it available 


to us in advance of publication. 
+ Though the p component gives an appreciable contribution to the ionization cross-section, it has 


little influence on the energy distribution of the ejected electrons (LEDSHAM, 1951). The other com- 
ponents are unimportant. 
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A convenient means of presenting the main results is provided by the function F(e|é), 
which gives the fraction of the electrons ejected from the outer shell by protons of energy 
& keV which have an energy in excess of ¢ times the ionization potential of atomic hydrogen 
(13-6 eV). Plots of F(e|&) versus log & for some selected values of ¢ are shown in Fig. 1. 
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Fig. 1. Fraction of ejected electrons which have an energy of more than ¢ times the 
ionization potential of atomic hydrogen. The value of € is given on each curve. 


It is seen that a considerable proportion of the secondary electrons of very energetic 
protons are able to excite spectral lines originating from high levels, and to liberate tertiary 
electrons. As would be expected from a comparison of the photoionization continua F(é|€) 
for neon is a much more slowly decreasing function of ¢ at fixed & than is F(e|€) for hydrogen 
(cf. BATES and GRIFFING, 1953). 

D. R. Bates 
Department of Applied Mathematics, M. R. C. McDowELu 
The Queen’s University of Belfast A. OMHOLT* 
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Appendix 


Let (Q,, de)ra,? be the cross-section per p-shell electron describing ejection into the d 
component of the continuum with energy between elq and (e + de)Iq, m being the magnetic 
quantum number, 79° the area of the first Bohr orbit, and Jg the ionization potential of atomic 


* On leave from The Auroral Observatory, Tromso, Norway. 
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hydrogen. If (s?)Iq is the energy the incident proton would have if its mass were that of the 


electron, then 


@ 
Qn = | J m(€, t) dt, 
tm 


where 


t (AE + e)/2s, 


min 


(AZ) is the ionization potential of neon and J,, is a certain function. Taking the normalized 
radial part of bound-wave function to be of the form 


r[N, exp (—a,r) + N, exp (—a,r)] 
and taking (for the sake of generality) the nuclear charge controlling the free-wave function to 


be f, we find 
Im = Bop|W,,|?/t [1 — exp ( —2nB/x)), 


where 
c= et, ao = I(x? + B), © p = 1/(4e2 + BP), 


Wi,= 2V 15{N, exp (—6,)X, + Nz, exp (—4,)X39}, 
Wy = 2V5{N, exp (—6,)¥, + Np exp (—63)¥ 3}: 


in which, omitting for brevity the identifying subscripts corresponding to the parameters «, 


and a», 
6= (B/x) tan-! ( Qocw/ cx? |. x), 


X = P{U cos¢ + V sin #}, Y = P{(3U — 2u) cos d + (3V — 2v) sin 9g}, 
with 
P = 1/(S? — 46x), dp = (B/2x) log ((S — ktk)/(S + 2ktk)}, 
U = (2t/p) {3pS(2uS + BD) — 4at?}, 
V = (1/BP) {3(2uS + BD) — 4B Pt (62D + 3aBS — 2x?D)}, 
u = (28/apx?) {o[S(2« — B) —2x2(a — B) + 4028] —pPS[2uS? — BD? + 4a (a? +x?)(af — 2x?)]}, 
v = (t2/2BopPx4) {8a — 2BoSP [2aBS — x*D — 2ax*(« + B)] 
+ BpP2(S? + 4t2x?)[aBS? + 2n?D? — 4n2a(a? + x?)(2ae + B)]}, 
S = a? + x? + #, D= a + 2 — #. 
When ¢ is small, considerable simplification may be effected by expanding in powers of this 


variable in the original matrix element. 
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Indices of geomagnetic activity 


of the Observatories ABINGER (Ab), ESKDALEMUIR (#s) and LERwIckK (Le) 


July 1956 


The figures given on pages 54 to 56 represent the K-indices for three-hour intervals, 
beginning with 00—03 hrs for the first and ending with 2i—24 hrs for the eighth figure. 
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ERRATUM 
J. Atmosph. Terr. Phys. 1956, 9, 347. 


“The Measurement of Cosmic Radio 
Emission for Ionospheric Studies” was in 
error credited to the co-authorship of 
M. LAFFINEUR and J. D. WHITEHEAD. M. 
LAFFINEUR is the sole author of this 
Research Note. 
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The theoretical length distribution of ionized meteor trails* 


Von R. EsHLEMAN 
Radio Propagation Laboratory, Stanford University, Stanford, California 


(Received 31 March 1956) 


Abstract—The lengths of the columns of ionization formed by meteors are determined theoretically 
from the available theoretical and experimental information on (1) the production and radio detection 
of meteoric ionization, (2) the mass distribution of shower and sporadic meteors, and (3) the distribution 
of sporadic meteor radiants. The primary factors controlling the length of an individual meteor trail 
are the mass of the meteoric particle and its angle of approach (radiant) into the upper atmosphere. 
The most likely (modal) value of trail length for meteors from the same radiant is found to be 12 see ¢ 
km for sporadic meteors, and approximately 17 sec ¢ km for shower meteors, where ¢ is the zenith 
angle of the radiant. The distribution of sporadic trail lengths is found to be relatively insensitive to 
the exact radiant distribution. For a representative radiant distribution, the most likely trail length 
for sporadic meteors is 15 km. When these trails are detected by a radar system, there is a selection 
process which favours the longer trails, so that the most likely length of the trails detected by a radar 
system employing a broad-beam antenna is about 25 km. This value compares well with a previous 
experimental determination of trail lengths. The theory indicates that the length distribution of detected 
trails is essentially independent of the sensitivity of the radar receiver and the power output of the 


radar transmitter. 
1. INTRODUCTION 


WELL over one hundred articles have been published in the past ten years on 
the subject of the production and radio detection of meteor ionization trails 
(MANNING, 1955). While most of the physical and radio-reflecting characteristics of 
meteor trails have been treated in some detail, relatively little has been written 
about the most distinctive dimension of these columns of ionization; namely, 
their lengths. 

The seeming lack of attention given ionized trail lengths may result from 
the fact that the length of the column is not one of the factors controlling the 
amplitude, duration, and polarization of most radio echoes from meteors. That 
is, the characteristics of almost all meteor echoes are determined by that portion 
of the trail in the immediate vicinity of the point where rays from the radio 
transmitter and receiver make supplementary angles with the trail axis. The 
remaining portions of the trail make no appreciable contrikution to the radio 
echo. 

However, it should not be inferred from the above statements that information 
on trail lengths is not important in the study of meteors and meteoric ionization 
by radio techniques. Knowledge of trail length—and variation of ionization 
density with length—is important in studies of (1) the scattering polar diagram 
of the trails; (2) the total contribution of meteors to the ionization of the EF 
region; (3) the characteristics of the long-enduring echoes from the high-density 
trails which are contorted by ionospheric turbulence; (4) the characteristics 
of the echo obtained from the “head” of the column while it is being formed; 





* This work has been sponsored by the U.S. Air Force Cambridge Research Center, Air Research 
and Development Command. This paper is a condensed version of Scientific Report No. 4, Contract, 
AF 19 (604)-1031, Stanford University, December, 1955. 
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and (5) the relationship between the number of echoes obtained and the space 
density of meteoric particles. 

While the lengths of meteor ionization trails are mentioned briefly in quite 
a few articles, only one paper has appeared which is devoted specifically to this 
subject. Mannine, VILLARD, and PETERSON (1953) analysed the times of occur- 
rences of meteor echoes on two separated radar systems, from which they deduced 
the distribution of the lengths of the ionized columns. (The term radar, as used 
here, implies that the radio transmitter and receiver are at the same location.) 
To determine the number of true coincidences recorded by the two radars, the 
number of random coincidences—computed on the basis of statistical independence 
—was subtracted from the number of apparent coincidences. In relating the 
measured time separations of the true coincidences to the trail lengths, it was 
assumed that the average particle velocity is 50 km/sec. The resultant plot of 
number vs. length shows a broad peak between 25 and 30 km. That is, the analysis 
of the experimental measurements indicates that the most likely (modal) length 
of the meteor ionization trails detected during this test was approximately 25 
to 30 km. 

The treatment in the present paper is divided into two categories. The theory 
of the production of ionized meteor trails is applied to illustrate those factors 
which control individual trail lengths. Then the statistical properties of sporadic 
and shower meteors are used to determine theoretical trail length distributions. 


2. InprvipUAL TRAIL LENGTHS 


The present treatment of trail lengths is based upon the theory of meteoric 
ionization which appears in papers by WHIPPLE (1943). HERLOFSON (1948), 
and Kaiser (1953). Following the formulas and discussion presented by KAISER, 
the ratio of the line density of electrons g (the number of free electrons produced 
per unit trail length) at atmospheric height 4 to the maximum line density q,,,x 
at height hmax, is given to a good approximation by 


meee ae ec ba 
A = Zexp ( #H A bin () 


where H is the atmospheric scale height. In the limited height differential of 
the upper atmosphere in which meteor ionization trails are formed, H is nearly 
constant and equal to about 7 km. The height Amax of maximum ionization is 
determined by the mass, velocity, size, shape, and material of the meteoric particle, 
and by the zenith angle of its path into the upper atmosphere. In particular, 
jmax is greater for high velocities, large zenith angles, and small masses. However, 
the percentage change in hmax is relatively small, since max is between 85 and 100 
km for most of the meteors detected by radio. It will be assumed in the following 
treatment that H and hmax are constants, so that the main factors controlling 
trail length can be considered in detail. 

In Fig. 1, (k — hmax)/H is plotted as a function of ¢/qmax from (1). Note that 
the high-altitude “‘tail’ of the column is theoretically infinite in length, since 
(1) indicates that the ionization line density falls off exponentially with increasing 


58 





Tne theoretical length distribution of ionized meteor trails 


height. The term “trail length” is therefore not uniquely defined until some 
criterion is given for determining an effective end of the exponential tail. Several 
definitions of trail length will be discussed in terms of their usefulness in different 
applications. 

The length of the trail Z is related to the height differential Ah over which 
it exists by L = Ah sec ¢, where ¢ is the zenith angle of the meteor’s track. In 
solving (1) for h, only two of the three roots are significant, and these two values 
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Fig. 1. The relationship between height h and line density of electrons g along a meteor 
trail. The height hmax of maximum ionization gmax is near 100 km, and the scale height H 
is approximately 7 km in this height region. 


of h determine the height differential. From (1) the length of the trail L between 
the two positions where the line density is gmin, (¢min < Ymax), is 


1 + cos ) 


L=H seo Cn ( 
1 + COS && 


1 24mi 4 
a, = — cos"! ( oa 1) Piste 
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In Fig. 2, the relationship between Ah (= L cos ¢) and (qmin/{max)? is plotted 
(solid line) from (2), assuming H = 7 km. Solving (2) for the line-density ratio 
in terms of Z and ¢ would produce an expression ill-suited for algebraic manipula- 
tion. In searching for a more tractable approximate expression, it was found that 


(222) "= exp] — (27008 ¢) | “ 


as cai be seen in Fig. 2, where (3) is plotted as a dotted line which closely follows 
the solid line plotted from (2). Thus, the approximate length between two positions 
of line density gmin is 


1/2 
La = (i sec £) |2 In (==); (4) 


dmin 
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A simple definition of trail length is the length of the column along which 
the electron line density is greater than some fraction of the maximum line density. 
In particular, the half-density length Z,., is found from (2) or (4), or Fig. 2, by 
setting dmin = 0°5 ¢max, so that 

Lo.5 = 2H sec C (5) 
(For example, the electron line density along the trail exceeds half the maxi- 


mum value over a distance of 2H, or about 14 km, for a vertically descending 
meteor, and over a distance of nearly 20 km for a trail inclined 45° from the 


vertical.) 
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Fig. 2. Exact and approximate curves for the relationship between the square of the 
line-density ratio which exists at various height differentials along a meteor trail. The 


exact curve is plotted from (2), while the approximate curve is from (3). 











A similar definition of equivalent trail length is the length Lg of a trail of 
constant line density, equal to qmax, which has the same total ionization content 
Q as the actual trail. By integrating (1) along the column axis, the total number 


: 9 
of electrons in the trail is Q = a Hdmax sec £, so that 


9 
Lg = 7H sec 4 (6) 


While (5) and (6) provide a useful interpretation of meteor trail length, careful 
attention should be given the manner in which they are defined. In each case 
the defined length is related to the maximum line density, gmax. But the value 
of dmax is controlled by the value of { which also occurs in the expression for the 
length. The total number of electrons Q produced by the particle is equal to 
the number of meteoric atoms times the probability 6 that a single atom will 
produce a free electron. Thus, Q = fm/u, where m is the initial mass of the meteoric 
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particle and uw is the average mass of one meteor atom. Relating this formula 
to the value of @ found by integrating along the meteor’s path, it is seen that 
(KAISER, 1953) 

(7) 


Each of the lengths defined above is proportional to sec ¢, while qmax is propor- 
tional to cos £. Thus, while the length along which the line density exceeds a 
certain fraction of dmax becomes very great for large zenith angles, the value 
of qmax becomes very small. With this effect in mind, the simple definitions 
of trail length are useful for relating length to the linear distribution of line 
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Fig. 3. The length of meteor trails plotted as a function of particle mass m and zenith 

angle of approach ¢ into the upper atmosphere. Meteor trail length is defined here as 

the distance along the ionized trail between two positions where the line density is gmin, 
where gmin = Ymax When m = m, and ¢ = 0. 


density, and for considerations involving the total amount of ionization produced 
in the EL region by meteoric bombardment. However, a definition of length 
based on an absolute instead of relative value of line density is needed for problems 
related to the radio-detectability of meteors. 

For a trail to be detected by a given radio transmitting and receiving system, 
two conditions must be satisfied. First, the trail axis must, at some position 
along its length, make supplementary angles with rays from the transmitter 
and receiver, and second, the value of g at this point on the axis must be equal 
to or greater than the minimum value which can be detected by the system. 
In the remainder of this section, the lengths between a threshold value of line 
density dmin will be determined for individual trails created by particles of various 
masses and directions of approach. In the next section, these results will be 
used in conjunction with the positional and mass distributions of meteors to 
deduce the length distribution of the trails 

Let gmin = Ymax When £ = 0 and m = my. With #, u, and H assumed constant, 
(4) and (7) may be used to determine L as a function of m/m, and ¢. That is, 
in (4), dmax/{min = (m/m,) cos ¢. In Fig. 3 the length L between constant qmin 
points is plotted as a function of m/m, and ¢ for an assumed scale height H of 
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7 km. These curves illustrate the principal characteristics of individual meteor 
trail lengths. Second-order refinements to this picture of trail lengths could be 
made by including the effects of meteor velocity, mass, and zenith angle on the 
height of maximum ionization and hence the scale height. However, the un- 
certainties in the theories of the production and detection of meteoric ionization 
are such as to preclude the desirability of a more detailed treatment of theoretical 
trail lengths at this time. 

For a particle of given mass, the maximum trail length occurs when cos ¢ = 
(m,/m) exp (0-5) if m > my exp (0-5), or when ¢ = 0 if m < my exp (0-5). The 
value of trail length at this zenith angle is approximately Hm/m, in the former 
case, and 2-4 H[{In (m/m,)]'” in the latter case. 


3. Trait LENGTH DISTRIBUTIONS 


Individual meteor trail lengths were determined above as a function of particle 
mass and zenith angle of approach into the upper atmosphere. In order to deter- 
mine the distribution of meteor trail lengths, then, the mass and radiant distri- 
butions of meteors must be known. (The radiant of a meteor is the point on the 
celestial sphere from which it appears to emanate.) The mass distribution of 
sporadic meteors is fairly well known over a large mass range. It appears that 
most meteor showers (streams of meteoric particles following the same orbits) 
contain a larger percentage of large meteors than the sporadics. All of the meteors 
of a given shower have the same radiant. The exact distribution of sporadic 
radiants is not well known, but it is known that these radiants are concentrated 
toward the apex of the earth’s way, and are also concentrated to some extent 
toward the ecliptic plane. (LovELL, 1954; WurtppLe, 1954). (The apex con- 
centration results from the motion of the earth through the interplanetary distri- 
bution of meteoric dust, while the ecliptic concentration implies that the individual 
meteor orbits tend to lie in the same plane as the planetary orbits.) 

While complete and exact information on the distribution of sporadic radiants 
is not now available, it will be shown that the distribution of trail lengths is 
relatively unaffected by changes in the radiant distribution. Thus, reasonable 
estimates of radiants may be used to derive fairly reliable values for the trail- 
length distribution. Similarly, the range of uncertainty of the exact mass distri- 
bution is small enough to have little effect upon the theoretical trail lengths. 
Thus, the reliability of the following theory of meteor trail-length distribution 
is primarily set by the applicability of the present theory of trail production 
and the theory of the mechanism of radio reflections from meteoric ionization. 

If all the meteors have the same radiant point, they move in parallel paths 
into the upper atmosphere, where they produce parallel ionization trails. Such 
is the case for shower meteors. Sporadic radiants may be considered as a distri- 
bution of point radiants over the area of the celestial hemisphere. In this treat- 
ment of the effects of meteor radiants on trail length, point and area radiants 
will be considered in turn. For the determination of the length distributions 
of the trails which are detected, the geometry of detection will be assumed to 
be that of the radar case, where the radio transmitter and receiver are at the 


same location on the ground. 
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A. Point Radiants 


It has been determined from visual-photographic and radar investigations 
that, over a wide mass range, the mass distribution of meteors follows an inverse 
power law (Watson, 1941; McKiInuey, 1951; EsHieman, 1953; Karser, 1953). 
Thus, the number-density of particles of mass between m and m + dm may be 
written as dn/dm ~ m-*. Since dmax is proportional to m cos f, dn/dqmax ~ dines 
cos‘! ¢ for meteors from a point radiant. Using the relationship between the 
reference line density and qmax given in (3), 
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Fig. 4. Relative number density of sporadic meteor trails created per unit time per unit 
hmax-plane area, plotted as a function of their length and zenith angle. 


where dn/dL is the number density (in a plane normal to the radiant direction) 
of trails which are created per unit time in the upper atmosphere having lengths 
(measured between qdmin points) of between Z and ZL + dL km. 

The number of point-radiant trails V,, created per unit time in the upper 
atmosphere which cross a unit area in a horizontal plane at height Amax(/max 
plane), and which have lengths between Z and LZ + dL km, is cos ¢ times the 
density of trails in a plane perpendicular to the radiant direction. Thus, neglecting 
the qmin factor in (8) which was carried along for later application to detected 
trails, 


| @ ener NE : 
N,, ~ L cos**? £ exp ( ; ‘) (= cos c) | (9) 


where the subscripts on the number-density function N indicate created trails, 
and point-radiant meteors, respectively. Equation (9) is maximum when L 
12(k — 1)~' sec ¢ km. The value of N,,, at this most likely (modal) length is 
proportional to cos*+! ¢. In Figs. 4 and 5, N,, is plotted as a function of L for 
= 20°, 45°, and 70°. In Fig. 4, k& is set equal to 2, which corresponds to the 
measured mass distribution of sporadic meteors. In Fig. 5, k = 1-5, a value 
chosen to be roughly representative of the meteors of most showers (KAISER, 
1953). Note that the shower meteors are longer than sporadic meteors having 
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the same radiant point. That is, the mass distribution (k value) of shower meteors 
differs from that of the sporadics in that there is a higher percentage of larger 
meteors (and hence longer trails) in the showers. 

By integrating (9) from ZL = 0 to infinity, it can be shown that the total 
number of trails created per unit area and time in the hmax plane by a point radiant 
of zenith angle ¢, is proportional to cos* ¢. 

While (8) shows a relationship between number and length of the trails which 
are created in the upper atmosphere, several additional factors must be considered 
in determining the number of trails detected by a radar system. These factors 
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Fig. 5. Relative number density of shower meteor trails created per unit time per unit 
hmax-plane area, plotted as a function of their length and zenith angle. 


include the control of radar range and antenna gain on the echo strength, and 
the orientation of the trails with respect to the radar site. 

From the simple electron-scatter theory of radio reflection from meteoric 
ionization (BLACKETT and LOVELL, 1941; Frrnsterm, 1951; Kartsrr and CLoss, 
1952: EsHLEMAN, 1955), the square of the minimum electron line density which 
can be detected by a given radar system is proportional to R°G-?, where F is 
the range to the meteor trail, and G is the antenna power gain over an isotropic 
radiator in the direction of the trail. Thus, gi;* in (8) is proportional to 
(R-8G*)“*-)/2_ (For very low sensitivity radars, where gmin is greater than 10!4 
electrons per metre, q%;, is proportional to (R3G-?)4. However, this case will 
not be considered here, since gmin for a practical meteor-detection radar is con- 
siderably less than 10!4 electrons per metre. For example, if the minimum detect- 
able input signal of a radar operating at 15-m wavelength is 10-45 W, and if 
G = 1 and R = 150 km, the transmitted power would have to be less than about 
3 W for dmin to be greater than 10!4 electrons per metre.) 

In addition to the range and antenna gain factors, trail orientation plays a 
large role in the detectability of meteor trails. In Figs. 6 and 7, the geometry 
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of radar detection of meteors is illustrated. (The criterion for detection is that 
a ray from the radar site meets the trail axis at right angles.) Consider meteors 
from a point radiant of zenith angle ¢ and azimuthal angle 0. Consider a ray 
from the transmitter of elevation angle ¢ and azimuthal angle ¢. These angles 


METEOR 
RADIANT t ZENITH 








¥ 


Fig. 6. Geometry of meteor detection. The meteor radiant is at zenith angle ¢ and azi- 
muthal angle 6, and a ray from the radar is at elevation angle ¢ and azimuthal angle 4. 
In order for the ray to be perpendicular to a meteor trail, cos (¢ — 0) must equal tan e/tan C. 


are illustrated in Fig. 6, where it can be seen that the geometry of detection is 
satisfied only if cos (¢ — 6) = tan e/tan ¢. (Plane-earth geometry is assumed. 
This assumption simplifies the interpretation without invalidating the results, 
since the range and antenna gain factors usually control the detectability of 


. Lsin€ 
Leos C 


(p-0) 











é 
Radar Site 
Fig. 7. Geometry of meteor detection, illustrating that the range depth along a ray at 


elevation angle ¢ where meteors of length LZ and zenith angle {can be detected is 
L cos ¢/sin e. 





nearly vertical meteors more than does the curvature of the earth.) With the 
above angular relationship satisfied, Fig. 7 illustrates that the range depth on 
the ray along which the perpendicularity criterion holds for trails of constant 
height Amax and length L is L cos Z/sin e. As the width of this ray is propor- 
tional to R (= hAmax/sin €), the number of echoes detected is proportional to 
(ZL cos é/sin? e) (dn/dL). 
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The above results are directly applicable to the pencil-beam radar case, where 
all of the radiation is in one differential bundle of rays. Here, the number of 
trails detected per unit time of length between Z and L + dL km is 


' | ee ee ‘1—k\(L . 
N ., (pencil beam) ~ G*-1L? cos*+? ¢ sin'3*-7)/2 ¢ exp | —— cos € (10) 


y 12 


~ 


dp 


if cos (6 — 9) = tan e/tan ¢. (The subscripts on N denote detected trails, and 
point-radiant meteors, respectively.) If this angular relationship is not satisfied, 
no trails are detected. Equation (10) is maximum when L = 17(k — 1)? see € 
km. with the number detected of this most likely length being proportional to 
cos* ¢ sin'**~7)/2 ¢, The total number of point-radiant trails of all lengths detected 
per unit time by the pencil-beam radar is proportional to cos*—1 { sin'?*—7)/2 ¢, 
(Because the above factors are derived using plane-earth geometry, they are 
applicable only when ¢ > « > 10°.) 

The results for the pencil-beam radar may be integrated to find the number 
of point-radiant trails detected per unit time by a radar having an antenna gain 
given by G(e,d). Since only those rays satisfying cos (¢ — 6) = tan e/tan ¢ yield 
echoes, G@ may be written as a function of position on the great-circle line on the 
celestial hemisphere along which this condition holds. Thus the integration is 
performed along o from —7/2 to 7/2, where cos o = sin e/sin ¢, so that 


; ; 1—k\/(L . 
N ,, ~ TL cos*** { sin'**-7)/2 { exp ( . < 


n/[2 
G*1 (g) cos’*-72 gda (11) 


7/2 


Curves could be plotted from (11) for many different antenna gain functions. 
However, in order to illustrate the principal factors controlling the numbers 
and lengths of detected trails, without confusing the issue with too many examples, 
only a few gain functions will be considered. The pencil-beam antenna, con- 
sidered above for point radiants, will be used to illustrate the effect of having 
very high antenna directivity. The gain function G ~ sin ¢ = cos osin ¢ will 
be the primary function considered in the following, since it is a reasonable 
representation for the antenna used in the trail-length experiment (MANNING, 
VILLARD, and PETERSON, 1953); namely, a half-wave dipole placed one-quarter 
wave over ground. 
With G(c) ~sin f cos o, (11) becomes 
: aa 1l—k\/(L ' 

N 4, (G~sin e) ~ L? cos*t? [ sin'5*—9)/2 Z exp ( 5 e cos ¢| | (12) 
In Figs. 8 and 9, (12) is plotted as a function of Z for = 20°, 45°, and 70°. In 
Fig. 8, the curves are for sporadic meteors (k = 2), while Fig. 9 shows the expected 
length distribution for shower meteors (k = 1-5). Comparing Figs. 4 and 5 with 
8 and 9, it can be seen that the length distributions of the detected trails peak 
up at greater lengths than the length distributions of the trails created in the 
meteor region. The principal factor involved in this difference is the probability 
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of detecting a meteor trail, this probability being proportional to—among other 
things—the length of the trail (ESHLEMAN and Mannine, 1954). Thus, the most 
important distinction between the length distributions of created and detected 
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Fig. 8. Relative number density of sporadic meteor trails detected per unit time, plotted as 
a function of their length and zenith angle. The radar antenna is assumed to have a gain 
function proportional to the sine of the elevation angle. 
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Fig. 9. Relative number density of shower meteor trails detected per unit time, plotted as 
a function of their length and zenith angle. The radar antenna is assumed to have a gain 
function proportional to the sine of the elevation angle. 


trails is that the latter is fundamentally a modified form of the first moment of 
the former. 
As with the pencil beam, the number of detected trails for conditions of (12) 
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is maximum when L = 17(k — 1)? sec €km. The number detected of this 
length is proportional to cos* ¢ sin'**-%)/2 ¢. The total number of point-radiant 
meteors of all lengths detected per unit time by a radar with G ~ sin ¢ is pro- 
portional to cos’ Z sin'**-%)/2 ¢. This last factor is plotted in ‘Fig. 10 for k = 2 
and 1-5. Note that for / = 1-5, the integrated number of trails detected per 
unit time becomes very large for small values of ¢. In practice, earth’s curvature 
limits the minimum value of Z to about 10°. 
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Fig. 10. Total number of trails of all lengths detected, plotted as a function of the zenith 

angle of the meteor radiant. The radar antenna is assumed to have a gain function pro- 

portional to the sine of the elevation angle. The two curves are for shower (k = 1-5) and 
sporadic (k = 2) meteors, and their absolute magnitudes are not related. 


B. Area Radiants 

Sporadic meteors can best be considered as an area distribution of point 
radiants upon the celestial hemisphere. The distribution of intensities of these 
point radiants will be represented by f(¢,6). That is, f(¢,6) is the relative number 
of meteors emanating from each differential radiant position per unit time. Since 
shower meteors have point radiants, only sporadic (k = 2) meteors will be con- 
sidered in this section. The relative number of sporadic trails created per unit 
area and time in the hmax plane, having lengths between ZL and L + dL km, 
becomes 


n[2 (2a 
Nea ™ [ [ f(¢,6)N.p sin C de db (13) 
Jt=0 Ja=0 


where the subscript (a) indicates area radiants. Similarly, the number of sporadic 
trails detected per unit time having lengths between LZ and L + dL km is 


*n/2 2m 

Naw~| | fEONap sin Cdl db (14) 

£=0 Jo=0 

The distribution of sporadic radiants is not well known. However, considera- 

tion of several simple assumed functions f(f,6) shows that the length distri- 

bution is affected relatively little by the exact form of the radiant distribution. 
With f(¢,0) = f(¢) only, and with k = 2, 


n[2 
Na ~| f(0)L cost f sin [ exp | —3 (Geo :) | dt (15) 


For all but a few very specialized, and unrealistic, classes of functions f(), (15) 
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must be integrated numerically for various values of LZ to find the number of 
trails created as a function of their length. 

Of particular interest is the value of Z which corresponds to the maximum 
value of N,,; i.e. the most likely length. It has been found that this most likely 
length is very closely approximated by finding the value of LZ (and ¢) which 
maximize the integrand of (15). For example, the integrand is maximum when 
L = 13-9 km and ¢ = 30° for f(f) = 1, when LZ = 15-5 km and ¢ = 39-3° for 
f(¢) = sin Z, and when Z = 17-0 km and ¢ = 45° for f(¢) = sin? ¢. That is, 
the deviation in most likely trail length is only about 10% for such drastic 
changes in radiant distribution as are represented by the change of f(¢) from 1 





12 
10 fo — 
8 f i 4 
TYTN 

} ‘% 


Pg 
| 
% 10 20 30 50 
L-Kilometers 

Fig. 11. Relative number density of sporadic meteor trails created per unit time per unit 
hmax-plane area, plotted as a function of their length. It is assumed that the area distri- 
bution of sporadic radiants over the celestial hemisphere is proportional to the sine of 
the zenith angle. 
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to sin? . In view of the small effect of radiant distribution on trail-length distri- 
bution, a fairly rough approximation to the radiant distribution should yield 
reliable trail lengths. The rough approximation to f(¢,6) which will be used here 
is sin ¢, indicating that there are, on the average, somewhat more sporadic radiants 
per unit solid angle near the horizon than near the zenith. This choice of f(£,0) 
is believed to be representative of the middle latitudes, where neither the apex 
nor ecliptic approach the zenith. 

In Fig. 11 the complete NV,, curve is plotted as a function of L, with f(£) = 
sin £. Fig. 11 thus shows the number of trails created in the meteor region plotted 
as a function of their length, for a reasonable estimate of the sporadic radiant 
distribution at middle latitudes. Note that the most likely created trail length 
is about 15 km, as predicted above. 

For the sporadic trails detected by a pencil-beam radar, assuming f(£,0) = f(Z) 


only, 
= ; 1/L ; 
N aq (pencil beam) ~| f()L? cos* ¢ sin-!/? ¢ exp [- P (5 cos t) dw (16) 
o=0 


_ where cos ¢ cos w = cos . While this equation will not be treated in detail, 

it is evident that when high-gain antennas are used, the number and lengths of 
the detected trails are critically dependent upon the direction of the antenna 
beam. For example, when the beam is directed nearly vertically (¢ ~ 90°), very 
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few trails are detected, and these trails are quite long. Decreasing the elevation 
angle of the beam increases the number of trails detected, and decreases their 
most likely length. The assumption that f is a function of ¢ only is probably not 
justified for the general pencil-beam radar, since the sharp antenna beam is very 
selective in determining the radiants from which meteors can be detected. 

For the sporadic trails detected per unit time by a radar with G ~ sin e, 


assuming again f(¢,6) = f() only, 


w/2 1 L 2 
Nag (G@~sin €) ~ f(0)L? cos* ¢ sin*/? ¢ exp | 5 (5 cos t) | dl (17) 
0 
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Fig. 12. Relative number density of sporadic meteor trails detected per unit time, plotted 

as a function of their length. For the theoretical curve, it is assumed that the area distri- 

bution of sporadic radiants over the celestial hemisphere is proportional to the sine of 

the zenith angle, and that the gain function of the radar antenna is proportional to the sine of 

the elevation angle. The experimental curve is from MANNING, VILLARD, and PETERSON 
(1953). 


The integrand of (17) is maximum when L = 22-4 km and ¢ = 40-9° for f(Z) = 1, 
when LZ = 25-4 km and € = 48-2° for f(f) = sin Z, and when Z = 28-1 km and 
¢ = 52-9° for f(f) = sin? Z. As before, large changes in f(f) cause relatively 
small changes in the most likely trail length. 

The approximate treatment and discussion above indicates that the most 
likely trail length detected by a radar located at a middle (30°—60°) latitude, and 
having an antenna gain function G ~ sin ¢, is about 25 km. Actually integrating 
(17) numerically with f(f) = sin Z yields the solid curve of Fig. 12 for number 
of detected trails as a function of their length. 

Also plotted in Fig. 12 (dashed line) is the meteor trail-length distribution 
measured at Stanford University by MAannineG, VILLARD, and PETERSON. 

The comparison of theory and experiment pictured in Fig. 12 is remarkably 
good, in view of the various uncertainties in both methods. The fact that they 
both show a most likely detected trail length near 25 km indicates that both 
approaches to the problem are probably sound and yield valid results. The 
agreement between trail-length theory—based on the simple ballistic theory 
of meteors—and radio measurements of trail length, appears to provide evidence 
against the fragmentation theory of Jaccuta (1955), for the fainter meteors, since 
the lengths would be considerably shorter for fragmenting meteors. 

An interesting conclusion which can be drawn from the theoretical treatment 
of sporadic trail-length distributions is the fact that the shape of the distribution 
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curve—and the value of the most likely trail length—for the trails detected by 
a radar system, is independent of the transmitter power or receiver sensitivity 
of the radar system, as long as k is constant. (It is assumed here that the system 
is at least sensitive enough so that qmin < 1014 electrons per metre. If the system- 
sensitivity to meteor trails is very low, and the rate of detection is only a few 
echoes per hour, the most likely trail length will be greater than indicated above.) 
For example, when the radar transmitter power is increased, the lengths of all 
of the trails which could be detected before the power was increased will be greater. 
However, many new, short-length trails will be detected which could not produce 
a measurable response before the power was raised. The net effect of the increased 
power is to increase the total number of trails detected, with their length distri- 


bution remaining the same. 


APPENDIX 
Field Strength Contours 
In the body of this paper, meteor trail lengths are treated directly so that the length in- 
formation will be available for later application to such problems as the detectability of meteor 
trails, their scattering polar diagrams, the fading of long enduring echoes, and meteor head- 
echoes. In this appendix, the detectability and polar-diagram problems are considered very 


briefly from a different point of view. 
Consider a flat ground plane under a meteor trail whose projected axis lies along the x axis 


in the plane. Let the gmax point in the trail be at height Amax directly over the origin of the 
ground plane. For a radar (transmitter and receiver at the same location) on the ground plane 
at (x,y), the range R to the specular reflection point on the trail is found from 

R? = y? + (a + zsin £)? + (hmax — z cos £)? (18) 


where z is the distance along the trail measured from the gmax point, and ¢ is the meteor’s 
zenith angle. For the variation of electron-line density given by (1), the value of g as a function 


of dmax, 2, and Z is 
1 
q - + 608 {3 cos 5 exp ( ) |) (19) 


Since the echo voltage strength is proportional to gR~%/? for the low-density trails, the positions 
on the ground where radars would obtain equal amplitude echoes from the trail are given by 


qk-3/2 = constant (20) 
or from (7), (18), and (19), 
/ 1 zeos¢ \ 
mM COs 1 cos {3 cos—!] — ex ee 
a és | : E ” ( H Ip 


sy 21 
[y2 + (2 + zsin £)? + (hmax — z cos £)?]3/4 constant (21) 





In Fig. 13, contours of constant radio-echo signal strength are plotted on the ground plane 
for meteor trails formed by particles of equal mass and velocity approaching at zenith angles 
of 75°, 45°, and 15°. (It is assumed here that hmax/H = 14; e.g. H = 7km and hmax = 98 km.) 
The signal-strength values are in arbitrary units. The maximum signal strength is always on 
the z axis, and its relative value is 4:9 for £ = 75°, 8-45 for £ = 45°, and 2-55 for £ = 15°. 
Since gmax is proportional to cos f, and Rypjn is proportional to sin Z, the strongest radar echo 
which can be obtained from a trail formed by a given particle at a given geocentric speed will 
occur for the £ which satisfies cos £ sin’/2 £ = maximum. This occurs for £ = 50-75°, and the 
maximum signal strength is then 8-62 in the above arbitrary units. 
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Fig. 13. Relative amplitude of echoes from trails located over x = 0, y = 0, and detected 

by radars at general positions on the x,y-plane. The trails considered are those formed 

by particles of the same size and velocity with zenith angles of 75°, 45°, and 15°. The 
projections of the axes of the trails lie along the x axis. 
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Velocity of a body falling through the atmosphere and the propagation 
of its shock wave to earth 
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Abstract—A solution is obtained for the velocity of a body falling to earth from a point outside the 
appreciable atmosphere on the assumption that (i) the flight path is a straight line inclined at an angle 0 
to the horizontal, (ii) the drag coefficient Cp is constant, (iii) gravitational acceleration g is constant 
within the atmosphere, and (iv) the scale height H of the atmosphere is constant. The motion is charac- 
terized by the single parameter p* = mg sin 0/SC p, where m is the mass and S the frontal cross-sectional 
area of the body. Graphs are presented showing velocity and deceleration against height for falls from 
100, 200, and 300 km and for various values of p*. It is shown that the deceleration is greatest at 
heights where the atmospheric pressure is approximately p*, and that the rate of loss of energy is greatest 
at heights where the pressure is approximately 3* (provided the maximum deceleration is somewhat 
larger than the gravity component along the trajectory). The maximum deceleration is shown to be 
approximately [e-1(Z/gH + log, p*) — 0-5152] sin 0 (provided the body falls at least two to three scale 
heights before reaching maximum deceleration), where FE is the initial energy of the body and p* is 
measured in atmospheres. 

The effect is considered of refraction arising from the temperature structure of the atmosphere on 
the shock wave generated by a vertically-falling body. It is shown that only a part of the shock wave 
originating in the lower atmosphere will reach earth in the case of falls from above 120 km; but for 
falls from below this height, an additional part of the shock wave originating in the region of the tem- 
perature maximum at 50 km may also reach earth. Curves are plotted showing the horizontal range 
from the impact point at which shock waves originating in the lower atmosphere reach earth for bodies 
falling vertically from 100, 200, and 300 km with various values of p*. 


1. INTRODUCTION 


A MATERIAL body falling to earth from outside the atmosphere would be expected 
to generate a shock wave on reaching denser air, provided its velocity was in 
excess of that of sound. This happens in the case of so-called detonating meteors, 
which are heard with a crack and thunder-like noise several minutes after being 
visible. It was once proposed that observations on this interval of time might 
lead to information on the speed of sound in the upper atmosphere (WHIPPLE, 1923); 
but the method has never produced reliable results, on account of several practical 
difficulties. As the velocity of a meteor is several tens of times that of sound, 
the shock wave that it produces is a very sharp cone, and is therefore propagated 
almost radially outwards from the flight path. When the shock wave reaches 
an observer, the meteor is heard, the noise having been produced by the meteor’s 
passage through the air and not by an explosive process, as might be imagined. 

Another occasion on which a shock wave would be propagated in the atmosphere 
is when a high-altitude research vehicle falls back to earth. (A free fall of only 5 km 
is required in order to attain sonic velocity.) The present paper is concerned with 
this occurrence and the conditions under which the shock wave from such a body 
would reach ground. In an isothermal atmosphere at rest, the shock wave would 
be propagated without refraction in a downward direction, reaching ground 
over a wide area. In practice, vertical gradients in the wind and temperature 
structure of the atmosphere will cause refraction, and possibly total reflection, 
according to the initial direction in which the shock wave is propagated. As this 
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direction depends on the velocity of the body, consideration must first be given 
to its motion through the atmosphere. 


2. Motion or A Bopy FALLING INTO THE ATMOSPHERE 


At heights where air resistance is negligibly small, the velocity v of a moving 
body is related to the height z by the energy equation 


3(v? — V*) =ga{(a + z)* —(a + Z)], (1) 


where V is the velocity at the vertex of the trajectory at height Z, a the earth’s 
radius, and g, the gravitational acceleration at ground-level. On its downward 
path into the atmosphere, the body continues to accelerate until the drag force 
equals its weight component along the trajectory. This occurs at height 2’, 
satisfying 
ak 4p(2’) v2 SCp = mg sin 9, 

where m is the mass, S the cross-sectional area, C,, the drag coefficient, 0 the 
trajectory inclination to the horizontal, p(z) the air density at height z, and v’ 
the velocity at z’. 

If the work done against drag above height z’ is negligibly small compared 
with the total energy of the body, (1) holds for z > z’, and z’ can then be evaluated 
from (1) and (2). 

As an example, a high-altitude vehicle will be considered having (case C.1) 
Cy = 0-25, m/S = 200 gm/cem? (410 lb/ft?). These values are appropriate to the 
Acrobee-Hi, for which a plot of Cp has been given by the Rocket Panel (1955). 
From (1) and (2), 2’ is found to be 19, 24, and 27 km, when Z = 100, 200, and 300 km 
respectively (taking V = 0). To recover the Aerobee instrumentation, the nose 
section is separated from the remainder of the vehicle. This procedure increases 
C,, and decreases m/S for the nose section, and appropriate values may be taken 
to be (case C.2) Cp = 1-0, m/S = 100 gm/em? (205 lb/ft?). z’ is then 32, 37, and 
41 km for Z = 100, 200, and 300 km. Atmospheric data used in these calculations 
have been taken from the Rocket Panel (1952) summary. 

Below 2’, the body decelerates with increasing deceleration until a height z” is 
reached at which the deceleration is greatest. From the equation of motion 


6 =gsin 6 — 3p(z)v? SCp/m, (3) 


, 


it is seen, on taking g, 0, and C, to be constant, that the deceleration is maximum, 
i.e. v = 0, when 

pv? + 2p(z) vd = 0. (4) 
If the maximum deceleration is large compared with the gravity component along 
the trajectory, g sin 9 can be neglected in (3); and in view of the relation 


dz/dt = —vsin 6, 
(4) becomes, 
sin 6 dp(z”)/dz + p*(z”) SCp/m = 0. (5) 
In terms of the scale height H(z) = p(z)/p(z) g(z), where p(z) is the pressure at 
height z, this can be written 
pz") = p*[l + dH(z")/dz], (6) 
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where 
p* = mq sin 6/SCp. (7) 


For a high-altitude vehicle falling vertically, z” is found from (6) to be 4 km 
and 17 km in the two cases C.1, C.2 above. The rate of energy dissipation is 
spv2SCp, and this can be shown by similar reasoning to be maximum at height 
z" satisfying 

pz") = Rp*[1 + dH(z”)/dz]. (8) 


This gives z” = 7 and 19 km for the cases C.1, C.2 respectively. 

To determine other properties of the flight path, it is necessary to integrate 
the equation of motion, equation (3). This can be written, using the hydrostatic 
equation dp/dz = —pg, as 


(9) 


As initial conditions, the body is taken to enter the atmosphere at a chosen height 
z,, above which drag can be considered negligible; the velocity v, at this height 
being given by (1). Below z,, a solution for the motion is obtained by integrating 
(9) on the assumption that p* and g are constant. It is found that 


v = exp{—[plz) — ple,)I/p*W2 + 29 exp [—p(2)/p*) | “exp[p(Q/p*)dt. (10) 


To evaluate the integral in this equation, the atmosphere is taken to be isothermal 
in (0, z,) with scale height H. Then 


dp/al = —p/H, 
and (10) becomes 


v® = exp {—[p(z) — p(z,)]/p*}vr® + 2gH exp [—p(z)/p*] {Hilp(z)/p*] 
— Ei p(z)/p*}, 
where (JAHNKE and Empg, 1945) 


Ei(x) =| et dt/t. 


Equation (11) is plotted in Fig. 1 for p* = e-%, e-*, e-!, 1, «© atmospheres, 
taking H =7:25km, z, =50km, g =9-7 m/sec? (corresponding to 25-km 
altitude), and three values of v, corresponding to vertex heights Z of 100, 200, 
300 km. It is seen that if log p* is less than about —2, the impact velocity is 
independent of the vertex height Z up to at least 300 km. This is true in case C.2 
of the falling nose-section, for which log p* = —2-3, and the velocity of impact 
is 134 m/sec. In case C.1, log p* = —0-25 and the velocity at impact is 760, 
1027, and 1235 m/sec for falls from 100, 200, and 300 km respectively. Separation 
of the nose section is therefore a very effective means of reducing impact velocity. 

From (3) and (7), the deceleration can be written 


—/g sin 6 = (v?/2gHp*)e~7* — 1, (13) 
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where p* is in atmospheres. Curves of —d/g sin 9 against z are shown in Fig. 2, 
corresponding to those in Fig. 1. From (6), the maximum deceleration occurs 
at height 2” = —H log p*, when the scale height is constant. This gives z” = 0, 
j-25, 14-5, and 21-75 km (approximately) for the curves in Fig. 2. Substituting 
for v? from (11) into (13) and putting p(z) = p*, the maximum deceleration is 
obtained as 





Z=100km Z=200km Z=300km 
\ 


£ 50 


x 














Speed of 
sound .~ 
a 




















2500 
Velocity v m/sec 


Fig. 1. Curves of velocity for bodies falling into the atmosphere from 100-, 200-, 300-km altitude. 
Numbers on curves denote values of log, p*, where p* = mg sin 6/SC p (atmos). 


(—0/g sin 8)max = eXP[—1 + plz,)[p*] (v,2/2gH) + e-1 {Ei(1) — Hilp(z,)/p*}} — 1 
(p* <1). 

If z, can be chosen sufficiently large for p(z,)/p* to be small, this equation becomes, 
on giving Hi(x) its asymptotic form Hi(x) ~ y + log x for small x (where y is 
Euler’s constant, 0-5772), 

(—¢/g sin 9)max = e* [E/gH + log p*] + « (p* <2). 6 
where 

B=! + 9% 


x =e [Ei(1) — y] — 1 = —0-5152. 
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If the vertex height Z of the trajectory is small compared with the radius of the 
earth, H = 4V? + gZ, and (14) can be written 


(—6/g sin ™)nax = e[(V?/2gH) + (Z — 2")/H] + x. (15) 


(14) and (15) are valid so long as p(z,)/p* can be made small, i.e. so long as Z — z” 
is greater than two to three times H. 


3. PROPAGATION OF A SHOCK WAVE FROM A FALuInG Bopy 


On falling into the atmosphere, the nature of the air-flow round a body changes 
on account of the decreasing mean free path-length / of the air molecules. When / 
is large in comparison with the characteristic dimension d of the body, molecules 
hitting it rebound and move away from its vicinity before encountering other 
molecules. As / decreases, rebounding molecules make collisions nearer and nearer 
to the body, and a small pressure disturbance is produced along its flight path. 
The initial pressure disturbance at any point of the flight path is propagated 
radially outwards at the speed of sound; and the total disturbance can be taken 
as arising from a line of such disturbances generated at the speed of the body. 
If this speed is supersonic, the boundary to the pressure field set up in the atmo- 
sphere will be the envelope of these individual disturbances (Fig. 3). When 1 


C4 C2 
High -altitude vehicle Unstable nose section 


100 km 


Shock wave first 
generated 
Shock wave as 
envelope of 
s 


smqll spate 
produced 
moving Games 


Velocity remains 
supersonic 
until impact 


Subsonic 
fall to 
impact 








Ground level 
Fig. 3. Diagram showing shock-wave production by a vertically-falling body. 
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becomes small compared with d, the pressure gradient at the boundary becomes 
large compared with other pressure gradients in the flow, and a shock wave arises, 
which is no longer diffuse. In the case of a high-altitude vehicle, a typical value 
of d is 1m, and such a shock-wave would first be produced at altitudes where 
Lis of the order of 5 cm, i.e. in the region of 90 to 100 km. 

In travelling through the atmosphere, the shock-wave front will become 
distorted due to atmospheric refraction. In the vicinity of the falling body, 
though, its shape is approximately conical with semi-vertex angle 0 (the Mach 
angle) given by 

sin 6 = 1/M, (16) 


where UM is the Mach number (Fig. 3). For M greater than say 3, 0 is less than 20°; 
and so, for a body falling vertically, an element of the shock front will be propagated 
in a direction at less than 20° with the horizontal. For inclinations as small as this, 
refraction by vertical gradients in the wind- and temperature-structure of the 
atmosphere may result in total reflection of the front before it reaches ground. 
To investigate this possibility, it is convenient to introduce the characteristic 
velocity k of a shock-front element. This is defined as the velocity with which the 
line of intersection of the tangent plane to this element and the horizontal plane 
moves parallel to itself as the tangent plane moves instantaneously parallel 
to itself at the speed of sound. It can be shown that, for a particular element, 
k remains constant during propagation, provided horizontal variations in the 
wind-field and speed of sound are negligibly small (GRovzEs, 1955). In the case 
of a body falling vertically in the absence of wind, all shock-front elements produced 
at height z have the same characteristic velocity (Fig. 3) 
k(z) = e(z) sec 6. 

Hence, by (16), 

1/k?(z) = 1/c?(z) — 1/v(z). (17) 


In Fig. 4, values of k(z) are shown corresponding to those of v(z) in Fig. 1 for 
0 <z< 50km, and those to given by (1) for 50 <<z<100km. The values 
used for c(z) are based on the Rocket Panel (1952) summary of temperatures, and 
are also shown in Fig. 4. 

If a particular shock-front element originating at height z has inclination 
6(f) to the vertical at height ¢(0 < <2), the constancy of its characteristic 
velocity is expressed by 


c(f) sec 6(f) = k(z). (18) 
Total reflection of the element occurs when 6(f) = 0, ie. at heights ¢ satisfying 
c(f) = k(z). 
The element therefore reaches ground if 
k(z) > max c(€) 
i.e. if 
k(z) > c(0), 


since for the data shown in Fig. 4 the greatest value of c({) occurs at £ = 0. Hence, 
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to the right of the ordinates erected at k =c(0) = 345 m/sec in Fig. 4, lie those 
parts of the trajectory from which the shock wave is received at ground. For a 
body falling vertically from 100 km, itis seen that the shock wave reaches the ground 
from the region of 85 to 90 km, where the velocity first becomes supersonic; 
from the region at about 50 km, where atmospheric temperature has a maximum; 
and from heights in the lower atmosphere depending on p*. For falls from 200 
and 300 km, no shock wave reaches the ground from the 50-km region on account 
of the higher velocity there in these cases. The critical value of Z for which the 
shock wave from the 50-km region no longer reaches ground is 120 km (calculated 
from (1) and (17) with k(z) = c(0)). 
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Fig. 5. Distance R(z) from impact point at which a shock-wave element 
originating at height z reaches ground. 
Z = 100km. 
Z = 200 km. 
——— Z = 300 km. 
p* = mg sin 0/SCp (atmos). 





The distance from the impact point to the point at which the shock wave 
originating at height z reaches ground is 


Riz) = [ * cot 0(£) df = I *[RA(L) — e%(Q)I-# e(f) dd (19) 


by (18). If the temperature lapse-rate is constant, dc?({)/d{ has a constant value 
—«a, and (19) can be evaluated as 


2) 
R(z) = (—2/a) 3 [k2(z) — c?]-* c? de = {Fle(z)/k(z)] — Flc(0)/k(z)]} k2(z)/a, (20) 
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F(x) = cos! x + a(1 — 2?)# 
c#(z) = c?(0) — az. 


This solution has been applied to the velocity curves in Fig. 1, and the results 
are shown in Fig. 5. The height interval concerned is 0 to 16 km, and for this 
region the assumption of a constant temperature gradient is justified. « has been 
given the value 2-4 m/sec”, corresponding to a temperature lapse-rate of 6°/km. 
Putting k(z) = c(0), the shock wave generated at height z is found to reach ground 
at the maximum range. 


[R(z)]max = Fle(z)/c(0)] c(0)/e. 


From Fig. 5 it is seen that [R(z)],,., increases as p* decreases for a body falling 
from a given height. For a falling nose-section (C.2), [R(z)]max is about 45 km, 
while for a complete vehicle (C.1) it is about 25 km. 


4. Discussion oF RESULTS 


A solution of the equation of motion for a body falling through the atmosphere 
has been obtained on the assumption that p* (= mg sin 6/SC,) is constant. 
Cp varies with Mach number in practice, particularly near Mach number unity, 
and therefore needs to be given a mean value for this solution to be applied. 
A suitable choice for C, would be the value where the drag is greatest. This 
occurs at Mach numbers greater than about 3 in the cases considered. Usually, 
Cp is nearly constant at these higher Mach numbers, and the solution can justifiably 
be applied. 

Since part of the energy lost from a moving body appears in its shock wave, 
it is of interest to consider the height at which the maximum rate of loss of energy 
occurs. This has been found to be the height z”, at which atmospheric pressure is 
approximately %p* (or, more generally, 3p* [1 + dH(z")/dz] when the scale 
height is not constant). z” is therefore independent of the energy with which 
the body enters the atmosphere. This result has also been found to be true for 
the height 2”, at which the deceleration is greatest. The maximum deceleration 
itself, though, has been found to depend on the initial energy of the body and 
to vary only slowly with p*: a decrease in p*, i.e. a higher drag coefficient sur- 
prisingly produces a slight decrease in the maximum deceleration. These results 
are apparent in Fig. 2. As a rough and ready rule, the maximum deceleration 
is 4-5 g per 100 km of vertex height for vertical falls. 

The greatest height at which a supersonic body generates a shock wave depends 
on its dimensions, and for a high-altitude vehicle is about 90 to 100 km. For a 
fairly large-sized meteor of diameter 0-6 cm (mass 10 g), the corresponding height 
is 60 km, where the mean free path-length is 0-03 cm. Very few meteors would be 
sufficiently large to be audible above this height. This result is in agreement 
with observation. The rarity of audible meteors above 60 km has previously 
been associated with the temperature maximum at these heights in no very 
certain way. WHIPPLE (1929) suggested that the air may be unstable and turbulent 
in the region of decreasing temperature above 60 km, so causing the energy of 
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air-waves to be damped out. The foregoing explanation appears to be the more 
satisfactory, though, particularly in view of the fact that sound-waves from grenade 
explosions at 80 km have been received at ground in the rocket-grenade experi- 
ment (WEISNER, 1954). 

For a vertically falling body, the effect of refraction on the shock wave becomes 
appreciable at Mach numbers greater than about 2. The Mach cone is then more 
slender, and the direction of propagation is closer to the horizontal. The effect 
of the temperature structure of the atmosphere is to trap segments of the shock 
wave by successive total reflections between two height levels at the same tempera- 
ture. At lower Mach numbers the direction of propagation is in a more downward 
direction, and the shock wave reaches ground. This state of affairs arises only 
in the lower atmosphere for falls from above 120 km. For falls from below this 
height, it may also arise in the region of 50 km; and, for falls below 100 km, in 
the region where the velocity first becomes supersonic. These last two regions 
would be expected to merge for falls from about 75 km. 

In order to recover the instrumentation in a high-altitude experiment, it is 
first necessary to locate the point of fall. A possible method of doing this would 
be to detect the arrival of the shock wave of the falling vehicle at various points 
on the ground. (This problem will be dealt with in a later paper.) It is therefore 
of interest to consider the distances from the impact point at which the shock 
wave can be expected to be received. For shock waves produced in the lower 
atmosphere, these results are shown in Fig. 5. With a falling nose-section, the 
Maximum distance at which the shock wave would be received is about 45 km, 


depending on its drag coefficient and the height from which it has fallen. If the 
vehicle falls intact, a likely maximum distance would be 25km. If the vertex 
height is below 100 km, the part of the shock wave generated on supersonic speed 
first being reached would give a second reception in the vicinity of the impact 
point. If wind-velocity gradients are at all significant compared with those in the 
speed of sound, the shock wave would no longer be propagated symmetrically 
about the vertical flight path, and the above results would need to be modified. 
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Abstract—Fusion temperatures are evaluated for the earth’s mantle from LINDEMANN’s law by use of 
elastic parameters determined for a given depth from seismic data. The results are substantially con- 
sistent with prediction from the Simon equation, on the basis of a theoretical evaluation of the Simon 
exponent. The same formulation of the Simon equation is used to obtain fusion temperatures for the 
core. No inconsistency with these values is shown by deductions from LINDEMANN’S law for the outer 
core. The melting temperatures found for the core are considerably higher than those predicted by 
Srmon or BuLiarpD, and show no substantial conflict with Jacoss’s hypothesis on the origin of a solid 
inner core. By using data on the temperature in the earth at small depth, and limits imposed on the 
possible values by melting temperatures at large depth, the actual temperature in the earth is represented 
approximately by a quartic polynomial in the depth; the limit of error at large depth if the inner core is 
solid is estimated as +25%. 


1. INTRODUCTION 


TEMPERATURES in the earth’s mantle have been estimated by ADAms (1924) and 
JEFFREYS (1932) on the assumption that the material is everywhere close to the 
point of fusion, in which case an estimate can be made from CLAPEYRON’S equation. 
The melting-point gradient for the mantle has been determined by UFFEN (1952) 
from LINDEMANN’S law, and by BuLLARD (1954) from Srmon’s semiempirical 
fusion equation; the results yield an upper limit on the actual temperature. 
Srmon (1953) and BuLiarp (1954) have estimated melting temperatures in the 
core from the Simon equation, and VALLE (1955) has done so by use of the Linde- 
mann law; the values provide a lower limit to the corresponding temperature if 
the outer core is presumed liquid. Daty (1943) has made estimates of actual 
temperature in the earth by use of Clapeyron’s equation as a guide, and SHIMAZU 
(1954a, b) has used the calculated adiabatic gradient in the mantle for the same 
purpose. 

In a recent paper, GILVARRY (1956a) has derived the Lindemann law, under 
certain assumptions, from the theory of DEByE and WALLER for the thermal 
dependence of the intensity of reflection of X rays by a crystal. The theory 
yields an experimentally verified relation for the Griineisen constant of a solid at 
melting in terms of fusion parameters, which shows that the reformulated Linde- 
mann law yields not only approximately correct magnitudes of melting tempera- 
tures, but also correct slopes of fusion curves. The development yields the Simon 
melting equation very directly (GiLvVARRY, 1956c). The purpose of this paper is 
to improve the estimates of the melting-point made by Urren, Stmon, BuLLARD, 
and VALLE, and to use the results to estimate actual temperatures in the earth’s 
interior. 


2. THEORY 
For a monatomic solid, the Lindemann frequency 7, is given by 
vy = om iy -1Aa(b7 Ms , (1) 
* Now at Research Laboratories, Allis-Chalmers Manufacturing Company, Milwaukee, Wisconsin. 
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where m is the mass of an atom, v,, is the volume per atom of the solid at fusion, 
T,,, is the absolute melting temperature, k is BoLTzMANN’s constant, and the 
Lindemann constant c is a function of lattice type and the critical ratio of root- 
mean-square amplitude of thermal vibration to nearest-neighbour distance of 
the atoms in the solid at fusion. The Debye frequency rp ,, of the solid at fusion 
is given by 


Bae —1/2 1/2,, 1/6 é 
YDm = Sm™m a a ’ (2) 


where K,,, is the bulk modulus of the solid at melting, and s,, is defined by 


3 | 1/2 | 9/4 | 1/3 
bq =| —— aa |, (3) 
(1 +<a,,) [2(1 — o,,)]-? + 2[1 — 2e,,]-?” 
as a function of the fusion value o,, of Poisson’s ratio for the solid. The Debye- 
Waller theory yields the relation 
Vr =m (4) 

for classical excitation of the lattice waves. Equation (4) represents the Lindemann 
law on the further assumption that ¢ in equation (1) is a constant along the fusion 
curve of a solid; the validity of this assumption, in general, has been verified 
by GitvarRy (1956f) by means of a theoretical evaluation of the variation along 
the fusion curve of the Lindemann constant. Note that all thermodynamic 
quantities appearing in equation (4) must be evaluated for the solid at fusion. 

To extend the preceding results to a solid which is not monatomic, it will 
be assumed that each atom in a molecule can be replaced by an atom with the 
average mass. If M is the molecular weight and V,, the molecular volume at 
fusion, one has 


m = M/nN, UV, = V,,/nN, (5) 


under this assumption, where n is the number of atoms in a molecule and N is 
AVOGADRO’S number. One obtains 


Py = n*/6 N1/3¢ Y—-1/2 F.. **( RT), (6a) 
YD.m a wtNitg MAA 1 Vint! ® [ (6b) 


from equations (1) and (2), respectively, where R is the gas constant. Equation 
(4) yields 

as a particularly useful form of the Lindemann relation. Equation (4) is based on 
the Debye model, and thus this extension to polyatomic crystals can be valid 
only as an approximation, since it neglects the optical modes of an ionic crystal 


in general (SLATER, 1939). 
The formulation (4) of the Lindemann law yields the Simon equation under the 


assumption that the Poisson ratio o,, is constant or slowly varying along a fusion 
curve. This equation appears as 


Pr Pro = (4/BY(Tn/ Tmo)” — 1), (8) 


where P,, is the fusion pressure, and P,, ) and T’,, , represent values of P,, and 
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T’,,, respectively, at the point selected as the arbitrary origin of the fusion curve. 
The parameter a is given by CLAPEYRON’S equation from the initial slope as 


a = L,/A,V, (9) 
where L, is the latent heat and A,V is the volume change of fusion, at the origin.* 


The Simon exponent B is determined by quantities associated with the Griineisen 
parameter (or constant) y,, of the solid at fusion, by 


B=(n + w)/(n — 1), (10) 
where uy is defined, in terms of a derivative evaluated at the origin, by 
uw =din(y,, — 1/3)/d In J,,, (11) 


and 7 is given in terms of an average Griineisen parameter y,,,, Of the solid, over 
the range of interest on the fusion curve, by 


1 = 2¥mav + 1/3. (12) 


Consistently, equations (11) and (12) imply that the Griineisen parameter of the 
solid-along the fusion curve is a variable. The value y,, . at the origin is fixed by 


vas = 1/3 + (1/2)¢oKm,oAoV/Lo; (13) 


where 


79° (1 “es Ka tat ase ae” (14) 


in which K,, , is the value of K,,,, and «,, 9 is the volumetric coefficient of thermal 


expansion of the solid, at the origin of the fusion curve. When the curve is known 
experimentally over a sufficient range, the value of B can be obtained from the 
initial curvature. 
3. Fusion TEMPERATURES 

To obtain the melting-point gradient, it will be assumed that chemical inhomo- 
geneity in mantle or core does not result in significant variation of the Lindemann 
constant. The mantle will be presumed to consist of olivine, and the core (both 
outer core and central body) to consist of pure iron. The effect on the Lindemann 
constant of inhomogeneity of lattice structure in a solid phase will be neglected. 


A. The mantle 
The Lindemann law (7) can be written in ratio form as 


pe: ae = (8m[8m,o)°(K m/Km,o)(Pm,ol Pm): (15) 


if p,, is the fusion value of the density of the solid, p,, 9 is the corresponding value 
at the origin of the fusion curve, and s,, 9 is given by equation (3) in terms of the 
value g,, 9 of the Poisson ratio of the solid at the origin. Following UFren, one 
can take the origin at a depth in the mantle of 100 km, for which GuTENBERG 
(1939) has estimated the melting temperaturet of ultra-basic rock (or olivine) 
as 1800°K at the prevailing pressure. The corresponding values of o,, 9, Kno, 
and p,, 9, and of o,,, K,,, and p,, as a function of the depth were obtained from 
values determined from seismic data (BULLARD, 1954). Such determinations are 


* Equation (8) is usually written with a/B replaced by a constant A, in which case AB = a = L,/A,V. 
+ As noted by UFrren, the melting-point of olivine varies with the relative content of iron and 
magnesium; it is necessary to ignore this fact. 
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used as approximations to the fusion values for the solid, since all quantities 
appearing in the Lindemann law must be evaluated for the solid at fusion, as has 
been emphasized. Melting temperatures thus calculated from equation (15) are 
shown in Fig. 1 as a function of depth in the mantle. 

UFrFEN determined the melting-point gradient in two ways: by equating the 
Lindemann frequency to the Debye frequency, as done here, and by equating 
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Fig. 1. Fusion temperatures for the mantle as obtained from the Lindemann law and the 
Simon equation (solid), with values from Urren, BULLARD, and JEFFREYS (dashed) for 
comparison. 


it to ErnsrErn’s expression for the characteristic frequency of a solid in terms 
of elastic parameters. His results by the former method agree with those presented 
here, inasmuch as his equation (8), in terms of seismic velocities, is equivalent 
to equation (15) above. The results obtained by use of the Einstein frequency 
should be less reliable on theoretical grounds, however, since this characteristic 
frequency for a solid corresponds to a model in which coupling of the atoms and 
variation of the Poisson ratio are neglected (GILVARRY, 1956d). UFFEN presents 
a mean as the favoured value, and his mean values for the melting temperature 
are shown in Fig. 1 for comparison purposes. Likewise shown are JEFFREYS’S 
values obtained by extrapolation from laboratory data with use of CLAPEYRON’S 
equation; not that the gradient is considerably higher than implied by the Linde- 
mann law for layer B. 

It is desirable to check the prediction from the Lindemann law by means of 
the Simon equation. The parameter a of equation (9) for the mantle is shown in 
the first column of Table 1, as determined by CLAPEYRON’s equation from the 
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initial slope of the fusion curve given by the Lindemann law, for T,,, 5 = 1800°K 
at a depth of 100 km. Values of B will be obtained by three different methods. 
Estimates of the Griineisen parameter y for compressions corresponding to the 
mantle have been made from the Birch equation of state (BrroH, 1952), and 
these estimates can be used to approximate the fusion value y,,. Brrcn’s data 
for y — 1/3 are shown in Fig. 2 (logarithmic scales) as a function of the ratio 
p/p, of density p at depth d relative to the initial density py. The first line of Table 1 


shows the corresponding values of y,, 9, # as evaluated at the origin, y,,,, as 


‘Table 1. Parameters of the Simon equation for the mantle (origin at a depth of 100 km) 





—6 —— ay “) | 
10-*a (bar) Y 00 Ym,av B 





estimated for the mean value of p/p, in the mantle, and B from equation (10). 
The third line of Table 1 shows a value of y,, » obtained by applying equation (13) 
for the value L,/A,V =a in the table, with a bulk modulus corresponding to 
a depth of 100 km, and a mean value for olivine (BrrcH, SCHATRER, and SPICER, 
1942) of «,, 9 entering g, of equation (14). The value u = 0 was taken to obtain 
the value of B in the third line, mainly to obtain an upper limit on the temperature 
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Fig. 2. Estimated values of y — 1/3 as a function of density ratio for the mantle, from data 
of Bircu; scales are logarithmic. 


implied by the Simon equation, and partly on the basis of considerations discussed 
later which dictate this choice for iron. The second line of Table 1 shows averages 
of quantities in the first and third lines. Fusion temperatures computed for 
these three sets of values of a and B from equation (8), as a function of pressure, 
are shown in Fig. 1 as a function of depth in the earth. It can be pointed out that 
all values of y,, 9 shown in Table 1 are consistent among themselves and with 
independent estimates by SHimazu (1954a, b). 
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One notes that the fusion temperature from the Lindemann law agrees 
reasonably well at the base of the mantle with the mean value from the Simon 
equation. The disparity over layer C, arising when the 20° discontinuity is crossed, 
reflects inhomogeneity. Since the Simon equation represents an interpolation 
formula (GILVARRY, 1956c), it should be applied in each layer of the mantle 
separately; in view of this fact, the agreement indicated in Fig. 1 is satisfactory. 
Also shown in Fig. 1 are BuLLARD’s values of the fusion temperature for the 
mantle, corresponding to selection of values of B in the Simon equation; he gives 
B = 2 as a favoured value, and includes B = 3 (curve not shown). BULLARD 
evaluated a by CLAPEYRON’S equation from the data for the crust which yield 
JEFFREYS’S curve of Fig. 1 when extrapolated, whereas the initial slope of the 
fusion curve for layer B, as determined from the Lindemann law, has been used 


here to fix a. 


B. The core 

In contrast to the case of the mantle, direct application of the Lindemann 
law (15) cannot be made to the core, since the seismic data for the liquid core 
yield no information on the fusion value of Porsson’s ratio for solid iron at the 
pressure prevailing, and no reliable data exist for elastic constants of the central 
body. Thus, primary recourse must be made to the Simon equation, which, on 
the derivation (GILVARRY, 1956c) from the Lindemann law, requires (essentially) 
only the assumptions that the Lindemann constant be fixed and the Poisson 
ratio be slowly varying. As regards the first assumption, results of GILVARRY 
(1956f) imply that ¢ changes for iron by no more than 1° for a pressure change of 
100 kilobars on the fusion curve. 

The initial curvature of the fusion curve of iron is unknown, and, in their 
estimates of fusion temperatures in the core by means of the Simon equation, 
Simon and BuLuarD selected the values of B by arguments based on the known 
values for the alkali metals. Values of the parameter uw of equation (11), which 
enters the Simon exponent B, have been obtained by GitvaRRy (1956c) for the 
alkali metals from Brip@Man’s fusion data. The values fall in the range 2-6—4-7. 
These relatively high values, implying a fair variation of y,, along the fusion 
curve, are a consequence of the high compressibility of the alkali metals, by 
virtue of which a number of terms up to nine must be taken in a Taylor expansion 
to fit the volume-pressure data up to the moderate pressure of 40 kilobars under 
isothermal conditions (GILVARRY, 1955). One should expect considerably lower 
values for the relatively incompressible metals, where a two-term Taylor expansion 
is sufficient to fit the equation of state. For iron, the volume-pressure relationship 
under isothermal conditions can be represented up to about 4 megabar (roughly 
the limit of measurement) by the Bridgman equation of state (GORANSON et al., 1955). 

It will be assumed that the dependence of V,, (initial value V,, 4) on P,, is 
of the Bridgman form 


—(V Fol as ae Cit és aa AN xi (16) 


ae 


with constants a,, and b,,, up to the highest pressures considered. When one notes 
that K,, = —(V,,,/q)4P,,/dV,, (GiLVARRY, 1956c), and assumes that qg along the 
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fusion curve has the constant value q, of equation (14), one obtains 
Rw =— Knoll aes (2b,,/@.," a) 1)( Fis re Viale © wah (17) 


from equation (16). Direct use of the expression (GILVARRY, 1956d) of SLATER 


(1939), 
Ym = —1/6 — (1/2)d In K,,/d In J, (18) 


m 


for the Griineisen parameter from the equation of state, yields 
= Bin[Qm ce 2/3 = Ym,0° (19) 


to the order of approximation corresponding to equation (17), for which 
(V,, — Vino)/Vin.o = In (Vin/ Vino). Since y,, is constant to this order, the para- 
meter uw of equation (11) vanishes. Thus, one has 7 = 2y,, 9 + 1/3 from equation 
(12), and 


B = (67,9 + 1)/2(3¥m,9 — 1), am 


from equation (10). This equation for B can be established directly by noting 
that iron is sufficiently incompressible for osculating approximations at the 
origin of the fusion curve to be satisfactory (GILVARRY, 1956c). 


Table 2. Parameters of the Simon equation for iron 





AgV le 


ani a4 10~%a 10-*K y, 9 10° 2%m,0 


bar bar (°C)-! 40 


mole mole 


0-27 3600 
0°23 3600 
0-19 3600 





In the first column of Table 2, a value of A,V for iron at the normal fusion 
temperature 1532°C appears in the second line, which corresponds to the density 
7-273 for the solid at fusion given by Storr and RENDALL (1953), and an increase 
in volume of 3°; the first and third lines show values corresponding to an uncer- 
tainty* of +0-5 in the percentage volume increase (Simon, 1953). The valuet of 
J. H. Awperry for L, (uncertainty less than 2°) appears in the second column. 
The corresponding values from equation (9) of the parameter a which enters the 
Simon equation are tabulated in the third column. From equation (13), the 
value of y,, » necessary to evaluate B depends with equal weight on A,V and the 
bulk modulus K,, . of the solid at the normal fusion point. In Table 2, the first 
entry in the fourth column shows a value of K,,) for iron obtained by extra- 
polation to the melting-point of static compression data of Bripa@Man for the 
range 0—-100°C (GILVARRY, 1956a). Subsequent work has shown that bulk moduli 
extrapolated from ultrasonic data at temperatures extending relatively close to 


* The figure 3 + 0-5% quoted by Srmon (1953) corresponds to limits set by the results of Storr 
and RENDALL (1953) and values from prior work discussed by these authors. 
t Quoted by Sruon (1953). 
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the fusion point are generally lower than corresponding values extrapolated 
from static measurements (GILVARRY, 1956e). The average difference found 
(for Pb and Al) was about one-sixth of the statically determined value. Corre- 
spondingly, the second entry for K,, . in Table 2 represents five-sixths of the first, 
as a mean, and the third entry is two-thirds of the first, as a possible extreme. 
The value shown for «,, 9 is from KUBASCHEWSKI (1949); the next column gives 
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Fig. 3. Fusion temperatures for the core as obtained from the Simon equation and the 
Lindemann law (solid), with values from Stmon and BuLiarp (dashed) from comparison. 
Values from LINDEMANN’S law for the mantle shown dot-dashed. 


values of g, from equation (14). The penultimate and last columns show the 
corresponding values of y,,. and B from equations (13) and (20), respectively. 
The procedure adopted correlates high extremes and low extremes of A,V and 
K,,,9 together, so that the corresponding temperatures represent possible limits; 
mean values of parameters appear in Table 2 in bold face. 

The fusion temperatures 7',, computed as a function of pressure from equation 
(8), with use of the three sets of values of a and B in Table 2, are exhibited in 
Fig. 3 as a function of depth in the earth. It is necessary to show that these 
curves are not inconsistent with direct prediction from the Lindemann law, 
from which equation (9) was derived. GILVARRY (1956e) has estimated the 
Lindemann constant of iron as c = 2-2 + 0-2.* A method suggested by ELSASSER 


* This estimate of c presupposes a somewhat different definition of s,, than corresponds to equation 
(3); since a range of values is taken for c the difference has been ignored in applying equation (7). 
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(1950) of inferring the Poisson ratio in the central body (presumed solid iron) 
yields a value of 0-45, as corrected numerically by Brrcu (1952). No inconsistency 
appears with an estimate by GiLvARRY (1956e) of the fusion value of Poisson’s 
ratio for iron at normal pressure as 0-40, since the increase of Poisson ratio through- 
out the mantle is 0-03, and an increase of about twice this amount is reasonable 
for the higher pressure of the core. By using bulk moduli and densities from 
seismic data (BULLARD, 1954) with this value of o,, and the three possible values 
of c in question, one can obtain fusion temperatures for the outer core from 
equation (7). One notes from Fig. 3 that the two lower curves from LINDEMANN’S 
law bracket fairly well the two upper curves from the Simon equation. Further, 
the lowest curve from Lindemann’s law is reasonably consistent with values 
obtained by VALLE (1955) on essentially the same method, but with use of some 
analytic approximations and neglect of the variation of Poisson’s ratio. 

In their estimates of fusion temperatures, Simon and BULLARD used the values 
of a in the second and first lines respectively, in Table 2. The results of Stmon and 
BULLARD are shown in Fig. 2 for comparison purposes (BULLARD also chose the 
value B= 4). One notes that melting temperatures obtained by the method 
of this paper exceed those given by Stmon or BULLARD, in general. If the positive 
sign of « shown by the values for the alkali metals is generally valid, the curve 
of T',, vs. P,,, is concave to the pressure axis for y,, > 1/3, and in this respect the 
fusion curve is normal in the sense of BRIDGMAN (GILVARRY, 1956a). All the 
melting-point gradients in Fig. 3 are consistent with this demand.* Since the 
value « = 0 is taken to evaluate the Simon exponent for iron in this paper, this 
procedure assigns the minimum magnitude of initial curvature consistent with a 
nonnegative value of ~ to the corresponding fusion equation (GILVARRY, 1956a). 
On the other hand, the use made by Stmon and BuLuarp of values for the alkali 
metals as a guide led them to assign to the fusion curve for iron the high curvature 
one expects for a compressible element; their values for the melting temperature 
are necessarily below those obtained here, in view of the sign of the curvature. 

The bulk modulus of olivine at fusion under normal pressure can be evaluated 
(GILVARRY, 1956a) from available data (BrroH, SCHAIRER, and SpPIcER, 1942; 
Brrcu, 1952) as 0-8 megabar for 7’, » = 1800°K, which can be compared with the 
values of Table 2 for iron. Thus, olivine at low pressure is about as incompressible 
as iron, although its equation of state has not been determined experimentally for 
very high pressures. These considerations tend to favour the lower values of yp, 
and the corresponding values of B, shown in Table 1. 


4. ActuaL TEMPERATURES 


An explanation of the possibility of a solid inner core has been given by JacosBs 
(1953) on the basis of an earth once completely molten (by virtue of radioactive 
heating if formed by cold accretion). A solid inner core and solid mantle would 
form if successive adiabatic curves of temperature vs. depth, on cooling, intersected 
the curve of fusion temperature vs. depth first for the inner core and then for the 
mantle. This explanation requires that the fusion temperature for the inner 





* Except for the fusion curve given by the Lindemann law for layer B, which shows a slightly positive 
value of d?T’,,/dP,,?. 
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core be higher than that for the mantle at its base; Urren and MIsENER (1954), 
and Jacoss (1954), called attention to the difficulty in this connection raised by 
Stmon’s lower estimates of melting temperature for the core. One notes from 
Fig. 3 that the lowest melting temperature estimated for the inner core by the 
methods of this paper is about 5200°K, as compared to a high estimate for the 
mantle at its base of 5500°K as a mean from the Simon equation. These limits are 
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Fig. 4. Actual temperatures in the earth as estimated from quadratic, cubic, and quartic 


interpolation polynomials. Fusion temperatures, from LINDEMANN’s law for the mantle 
and the mean curve from the Simon equation for the core, shown dot-dashed. 


sufficiently ciuse so that, substantially, no conflict appears with Jacozs’s hypo- 
thesis, without which the origin of a solid inner core is difficult to understand, in 
view of the low thermal conductivity of the mantle. 

BULLARD (1954) has estimated the temperature in the earth at the base of the 
crust for three different assumptions on the source of the measured heat arriving 
at the surface. These estimates yield a temperature of 800 + 200°K at a depth of 
35 km. Computed fusion temperatures yield immediate limits to the temperature 
at the base of the mantle, which must lie between the fusion temperatures of 
the liquid core and the solid mantle at this point. The actual temperature at 
this point will be taken as an average corresponding to the fusion temperature in 
the mantle from LINDEMANN’S law, and the mean fusion curve in the core from 
the Simon equation; the limits of error fixed by the mean for other fusion curves 
at this point are shown by a vertical line in Fig. 4. The two temperatures in 
question can be used to construct a quadratic polynomial for the temperature as a 
function of depth, when one imposes the constraint that the temperature gradient 
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vanishes at the centre of the earth (this conclusion follows by applying Gauss’s 
theorem to the thermal flux through the surface of a small sphere at the earth’s 
centre). The curve given by the quadratic interpolant is shown in Fig. 4. Further- 
more, if the inner core is solid, the fusion temperature at its boundary is the 
actual temperature (for inner and outer core of the same composition). For this 
case, one obtains the curve shown in Fig. 4 for a cubic interpolation formula. 
It is shown dashed inside the inner core, where, inconsistently, it rises above 
the fusion temperature. 

The only experimental evidence on the temperature at depth is the determina- 
tion by CosrER (1948) and Huacuess (unpublished) of 1300-1800°K as the tempera- 
ture at which silicates show the low resistivity for a depth of 600-900 km, required 
by geomagnetic results. The average point from these data is represented in 
Fig. 4 by a rectangle of area indicating limits of error; the rectangle is intersected 
by the quadratic and cubic interpolation curves, but both lie above the average 
point. By including this point for the case of a solid inner core, one can construct 
the quartic polynomial* 

T = 0-773 + 0-750d + 0-463d? — 0-1148d3 + 0-00708d5, (21) 


for the temperature 7 in 10°°K, in terms of the depth din 10%km. The corresponding 
curve shown in Fig. 4 correctly lies below the fusion temperature for the inner 
core. The limits of error of equation (21) are given as about +25% by the limits 
indicated in Fig. 4. The temperatures implied are quite close to those given by 
Day (1943) for the greater depths in the mantle. In this region, JEFFREYS’S 
hypothesis that the material of the mantle is close to the point of fusion is satisfied 
fairly well. 

The mean temperature gradient shown by Fig. 4 for the mantle is 1-3°C/km 
when taken as the value for the chord, which is closely the value given by equation 
(21) for the base of the mantle. Inasmuch as this figure exceeds substantially 
the adiabatic gradient of 0-17°C/km estimated by VERHOOGEN (1951) for the (solid) 
mantle, the results are consistent with solidification of the mantle from the base up. 
The mean temperature gradient for the outer core is 0-78°C/km (value for the 
chord). Since the region is a liquid in convective equilibrium, this gradient 
should equal the adiabatic gradient. For the latter quantity, results of VALLE 
(1952) corresponding to the temperatures of Fig. 4 yield 0-8°C/km as a mean, in 
excellent agreement with the value above; values from Brrou (1952) are somewhat 
lower, 0-7°C/km at the top and 0-5°C/km at the base of the liquid core. Since the 
adiabatic gradient for the mantle is considerably below the actual temperature 
gradient found, the use by Surmazu (1954a, b) of the former quantity to estimate 
the temperature at the base of the mantle necessarily yields values below those 
obtained here. 

The derivation by GILVARRY (1956c) of the Simon equation presupposes a 
dependence of K,, on V,, along the fusion curve, of a form corresponding to an 
equation of state which has been verified for isothermal conditions only up to 
100 kilobars. Since pressures toward the centre of the earth approach those at 
which the equation of state from the Thomas-Fermi atom model becomes valid 


* Coefficients given to figures shown, merely for proper round-off. 
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(GILVARRY, 1956b), predicted melting temperatures in this region are corre- 
spondingly less reliable than values toward the boundary of the core, where the 
pressure is about a megabar. Aside from this uncertainty, and that in values of 
the necessary parameters, it is felt that the interpolation procedure used here 
yields a practical method of estimating temperatures in the earth’s interior. 

The author wishes to thank Dr. F. R. Grmumore of the Rand Corporation for 
a critical discussion of the manuscript, and Miss E. Force for the computational 
work. Thanks are also due Dr. N. H. Marcu of the University, Sheffield. 
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Abstract—Calculations are carried out to determine how the electron concentration in a layer in which 
there are two species of ion, with different recombination coefficients, varies during an eclipse. The 
variation exhibits several features of interest. In particular, the minimum electron concentration is 
reached sooner after totality than it is in the case of a layer which decays to the same extent but which 
contains only one species of ion. 


1. INTRODUCTION 


APPLETON (1937) and others have derived much information on recombination in 
the ionosphere from studies of the diurnal variation of the electron concentration. 
The value of such studies is, however, limited, in that the variation may be com- 
pletely controlled by a slowly recombining species of ion and give no indication of 
the presence of a rapidly recombining species (BATES, 1951). In consequence, 
naive use of the measured effective recombination coefficient may lead to a serious 
underestimate of the total ionization rate, which rate, as well as being of interest in 
itself, is of great importance in connection with investigations on the thermal 
balance in the upper atmosphere. 

During an eclipse, the intensity of the incident solar radiation changes com- 
paratively quickly, and it has been suggested (BaTEs, 1956a) that it might therefore 
be possible to find evidence in the radio records for the occurrence of ionization 
which is normally undetectable. Some encouragement for this is provided by the 
fact that the records often exhibit apparent inconsistencies (cf. RATCLIFFE, 1956), 
when analysed on the assumption that a single species of ion is involved; but a 
definite conclusion is difficult to reach because of uncertainties concerning the 
emission from the sun. The main aim of this paper is merely to discuss the type of 
effect that arises when there are two species of ion. It should be noted that the 
existence of several species must be regarded as beyond dispute, since solar ultra- 
violet and X-radiation ionize all atmospheric constituents.* 

A survey of the recombination mechanisms thought to be operative in the # 
and F layers need not be given here, but it is perhaps worth recaliing that it is 
thought likely (cf. Bares and Massry, 1947; Batss, 1956a) that atomic ions are 
converted into molecular ions by charge transfer 

O+ + O, > O + O,t, 
or by ion-atom interchange 
O+ + O, > 0,+ + O 
O+ +N, > NO++N, 
and that free charges are removed by dissociative recombination 
O,+ + e> 0’ + 0” 
NO* + e—>N’ + O’ 
Not +e>N’+N”. 


* See any review (e.g. BaTEs, 1956b) of the theory of the origin of the ionospheric layers. 
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Unfortunately, neither the rates of formation (direct and indirect) of O,+, NOt, 
and N,* nor the rate coefficients of (4), (5), and (6) are known reliably. Hence, a 
proper treatment of the eclipse problem cannot yet be given. It is, however, of 
interest to consider some illustrative cases. 


2. MATHEMATICAL TREATMENT 


For simplicity we shall assume that the sun emits uniformly (and only from the 
visible disc) and shall ignore the variation in its angle of elevation. Suppose that 
there are two species of ion, A+ and Bt, in a particular layer. Let x(t) and y(t) be 
their respective concentrations (number per cm) at time ¢t; let af(t) and df(t) be 
their rates of production (per cm® per sec), where f(t) is the fraction of the solar 
disc unobscured by the moon; and let « and # be their recombination coefficients. 
We then have that 

dx/dt = af — ax(x + y) (7) 


dy/dt = bf — By(x + y). (8) 


The eclipse function, f(t), has been discussed by RyDBECK and WILHELMSSON 
(1954). We shall confine our attention to a total eclipse, and take the angular 
diameters of the sun and moon to be equal. In this case 


f=1 —=lsinr — —4r| (9) 


(10) 


(0 <8 < 2) | 
(s < Oor > 2) 


with 
(11) 


t being measured from first contact and 7’ being the total duration of the eclipse. 
Some computed values are presented in Table 1, as they may be of service to 


other workers. 
Equations (7) and (8) may now be cast into forms better suited to numerical 


integration. Writing 
" = ait, v= y/Yo, (12) 
where 2, and y, are the equilibrium values of x and y outside the eclipse, so that 


ty = aB/{aB(aB + ba)}* (13) 
Yo = ba/{aB(ap + ba)}* (14) 


it is seen that 


dujds = 0,(f — uw?) + 0,(f — wo) 

dujds = $,(f — v?) + do(f — ue), 
6,=}ax,T, 0, = fay,T, 
$, = 3PyoT, $2 = 3BxoT. 


A brief account of the procedure followed in solving the equations is given in the 
appendix. 


in which 


(17) 
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Table 1. The eclipse function 





f(s) = f(2 — 8) 


059794 | 0 0-30262 
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3. RESULTS AND DISCUSSION 
=e | 


The number of parameters in the equations is such that it is scarcely practi- 
cable to provide solutions to cover all eventualities. We judged it best to fix 7 
the duration of the eclipse, « the smaller recombination coefficient, and (7 + Yo) 
the equilibrium electron concentration outside the eclipse; and we took 


T =8x 108sec, a =1 xX 10-* cm/sec, 2% + ¥9 = 15 X 10°/cm*. (18) 


To show the essential pattern of the behaviour, we obtained solutions for a selection 
of values of #, the larger recombination coefficient, and of x»/y», the ratio of the 
equilibrium concentration of the more slowly recombining species to that of the 
more rapidly recombining species. The selected values are as follows:— 


B =1 x 10-8cm3/sec, 4 x 10-8cm3/sec, 16 x 10-8cm?/sec, and 0; (19) 
The corresponding values of the various ionospheric parameters are collected in 


Table 2. Figs. 1 and 2 give the calculated electron concentration curve for each 
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Fig. 1. Electron concentration during eclipse: 2 /y9 = 1; « = 1 x 10-8 cm/sec; curve 
(a) B = 1 x 10-% cm/sec, curve (b) 6B = 4 x 10-*cem*/sec, curve (c) B = 16 x 10-§cm%/sec, 
curve (d) B = oo. 

Table 2. Ionospheric parameters 
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of the cases investigated. As would be expected, both the decay and the recovery 
are more rapid when (/« is large than when this ratio is unity (which case is of 
course equivalent to a single species layer). 
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Fig. 2. Electron concentration during eclipse: Xo/y ) = 4; « = 1 x 10-8 cm/sec; curve (a) 
B =1 x 10-8 cm/sec, curve (b) B = 4 x 10-8 cm$/sec, curve (c) B = 16 x 10-8 cm3/sec, 
curve (d) B = oo. 

When there is only one species, the recombination coefficient y can be found at 
once from the variation of the electron concentration through the eclipse: thus 
RyDBECK and WILHELMSSON (1954) have proven that for the type of eclipse we are 
considering we may take 

am) «ms “GR 3 ‘ 
ynol' = 2(0-68n,/n,,,) (21)* 
= 2(0-187'/6t)*” 


where my is the equilibrium electron concentration outside the eclipse, 7,,, is the 


* It is assumed here that yn, 7’ > 6. 
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minimum electron concentration reached, dt is the time-lag between totality and 
this minimum, and 7’, as usual, is the duration of the eclipse. 

Formulae (21) and (22) are, of course, not valid for a layer containing two 
species of ion, but nevertheless it is instructive to apply them to the electron 
concentration curves of Figs. 1 and 2. Table 3 gives the effective recombination 
coefficient, y,, and y,, obtained from (21) and (22) respectively. When the true 
recombination coefficients differ, so do y, and y,, the former being smaller than the 


Table 3. Layer with two species of ion 





Effective recombination 
coefficients 
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a ) Yt 
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latter and lying closer to «, which is clearly the coefficient which exerts the main 
control. If # is increased, y,,, unlike y,, does not necessarily also increase, since the 
faster decay of the electron concentration may be off-set by the shorter time-lag. 


3.2 

To account for the lack of accord between the eclipse radio records and the 
predictions of simple theory (cf. RATcLirre, 1956), it is usually supposed that the 
intensity of the ionizing radiation falling on the upper atmosphere is not strictly 
proportional to the area of the unobscured part of the solar disc, because of the 
existence of active areas and perhaps also because of the corona. Attempts have 
been made to use the records to chart the relevant emissitivity of the sun, and in 
some instances fair correlation is found with the distribution of the intensity of the 
line at 5303 A (Minnis, 1955); but as Rarciirre (1956) has emphasized, the 
evidence for the reality of the active areas postulated is not always convincing. 

A striking feature of the data is that the minimum electron concentration is 
invariably greater than would be predicted from the time-lag by the application 
of (21) and (22) combined.* This feature indicates that active areas cannot be the 
sole cause of the failure of simple theory, for if the n,,-6dt anomaly were due to 
them, its sense would not be expected to be the same on all occasions (RATCLIFFE, 





* The main results published prior to 1955 have been tabulated by RatciirFre (1956). Some more 
recent results of special interest in the present connection are to be found in the papers of HENNESSEY 
and Torres (1956) and STOFFREGEN (1956). 
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1956). An effect of the required type would, however, occur if some of the ionizing 
radiation originates in the corona (PIppINGTON, 1951). It can thus be argued that 
active areas and the corona may together provide a complete explanation of the 
observations. Without seeking to deny the importance of these solar influences, 
we wish to draw attention to the fact that the n,,-d¢ anomaly must be partially 
due to the presence of several species of ion. It is not yet possible to judge whether 
or not the contribution to the anomaly from this cause is considerable. Analysis of 
the layers by rocket-borne instruments and laboratory measurements on the 
recombination coefficients of the ions detected would clarify the situation. 


APPENDIX 


The solutions of (15) and (16) corresponding to any chosen set of values of the basic para- 
meters may be obtained by, for example, the method described by HARTREE (1952). However, 
the labour required is considerable, especially when the recombination coefficients are large: 
thus, in HARTREE’S terminology, the first predicted solutions, u,* and v;' and the first corrected 
solutions, u,’ and v,’, are generally in poor agreement unless the interval, 6s, is inconveniently 
small, and the convergence of successive solutions is slow so that many predictions and correc- 
tions must be made before self-consistency is attained. Instead of using the nth corrected 
solutions as the (n + 1)th predicted solutions, it was found that it is advantageous to take 


Unis’ — Up? ne “4 Vue” a v,! +q (Al) 


where 


= {(2X — Z)Au — 20,u,%6sAv}/Z (A2) 


= {(2Y — Z)Av — 2¢5v,/68sAu}/Z (A3) 
with 


2 + (potty? + 2640,/) 68 
2 + (O90, + 20,u,’) ds 
XY — Ogbottn)v,/68” 


ee eee i ee eee 
Un “*, Av = 4, Un 


The derivation of those formulae is elementary. 


REFERENCES 


APPLETON E. V. 1937 Proc. Roy. Soc. A162, 451. 
Bates D. R. 1951 Proc. Phys. Soc. B64, 805. 
1956a Solar Eclipses and the Ionosphere p. 191 Eds. 
W.G. Beynon and G. M. Brown, Pergamon 
Press, London. 
1956b Solar Eclipses and the Ionosphere p. 184. 
Bates D. R. and Massey H. 8S. W. 1947 Proc. Roy. Soc. A192, 1. 
HaArtTREE D. R. 1952 Numerical Analysis Clarendon Press: Oxford. 
HENNESSEY J. J. and Torres J. 8. 1956 Solar Eclipses and the Ionosphere p. 65. 
Minnis C. M. 1955 J. Atmosph. Terr. Phys. 6, 91. 
PippincTon J. H. 1951 J. Geophys. Res. 56, 403. 
RatcuiFFE J. A. 1956 Solar Eclipses and the Ionosphere p. 1. 
RypBEcK O. and WILHELMSSON H. 1954 Acta Polytechnica, Electrical Engineering 
Series 5, No. 12. 
STOFFREGEN W. 1956 Solar Eclipses and the Ionosphere p. 57. 





Journal of Atmospheric and Terrestrial Physics, 1957, Vol. 10, pp. 103 to 109. Pergamon Press Ltd., London 


The calculation of ionospheric electron density distributions 


JoHN M. KeEtLso 
Communications Division, The Ramo-Wooldridge Corporation, Los Angeles 45, Calif. 


(Received 9 October 1956) 


Abstract—A method is given for calculating the vertical distribution of electrons in an ionosphere in the 
presence of the earth’s magnetic field. The data required are obtained from experimental records of 
group height as a function of frequency. The usual restriction to monotonic layers applies. 

The general procedure is an iteration method which makes it possible to correct a first approximation 
to yield improved results. Two methods of applying the general procedure are given. The first, an 
integral equation method, obtains the first approximation by solving the integral equation for true 
height in the absence of the earth’s magnetic field. The second, or parabolic layer method, is the more 
efficient of the two, and makes use of a generalized form of the Appleton-Beynon method to get a 
parabolic layer as a first approximation. 


APPLETON (1930) and DE Groot (1930) showed that the electron-density dis- 
tribution of a monotonically varying ionosphere layer can be determined from 
experimental h’-f data (vertical incidence group height of reflection versus operating 
frequency) using an integral-equation method. Their method did not require 
that assumptions be made in advance concerning the shape of the layer, but, 


unfortunately, did neglect the effects of the earth’s magnetic field. For an 
extensive bibliography of work on this and related topics, the reader is referred 
to the summary paper by BECKER (1955). 

During the past few years, several attempts have been made to include the 
effects of the earth’s magnetic field. In particular, we mention the methods 
suggested by Kexso (1954a) and BuDDEN (1955). In such methods, the computing 
labour is divided between the effort of preliminary computations and the effort 
required for each individual record studied subsequently. The two methods cited 
above differ considerably in the distribution of the labour between the two phases 
of computation. The method proposed by KELSO requires a relatively modest 
amount of preliminary calculation, but the analysis of each experimental record 
is very laborious. In contrast, BUDDEN’s highly accurate method greatly simplifies 
the treatment of any single experimental record, but necessitates extensive 
preliminary calculations which require access to electronic digital computing 
facilities if the analysis is to be performed for conditions other than those for 
which BuDDEN has supplied the numerical data. 

This paper discusses a general technique lying somewhere between these two 
extremes. Thus, the technique discussed requires less preliminary work than 
does BupDEN’s method, and also less effort per record studied than the other 
method. The present technique is suggested for use only when the numerical 
coefticients for BuDDEN’s method are not available, and when high-speed digital 
computing assistance is either not to be had or is uneconomic because of the 
number of records to be studied. 
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We begin by noting that the group height as a function of frequency, h'(f) or 
h’-f, can be written as, 


td 
=| eee ” 


where 


= operating frequency, 
electron density, 
electronic charge, 
electronic mass, 
= group index of refraction, 
= height measured from the bottom of the layer, 


actual height of reflection of a ray. 


(The group index of refraction «’ depends upon the properties of the magnetic 
field as well as upon x. However, for any fixed operating frequency, jw’ can be 
considered as a function of 2 alone, as long as the magnetic field properties do 
not change significantly over the range of interest.) 

Let us arbitrarily assume that the actual layer is formed of the sum of two 
(or more) layers. Then we can write the height z as the sum of the two heights 


z, and Zs, 


and we have also, 
dz, 
: df? 
and 
-h,’ 

We now find some approximate height distribution z,(f) which leads to a 
group height /,'(f); then we must find a second distribution z,(f) leading to a group 
height h,'(f), so that equation (4) is satisfied approximately. As the sum of the 
separate values of h’ approaches the measured value, the sum of the height 
distributions must approach the correct distribution. (It is not essential, of course, 
to use only two steps; a sequence of distributions z,, z,, 23,..., can be used 
if this proves desirable.) 

The remainder of this paper discusses two methods of applying this general 
technique, whereby the first approximation z, and the correction z, can be found. 
These two methods do not exhaust the possibilities, since other procedures could 
be developed to fit different computational aids. Although no great amount of 
effort has been expended in an attempt to simplify the application of these methods, 
there is a likelihood that the use of charts, nomograms, and curves could increase 
the ease of computation. 

The parabolic-layer method is the more rapid of the two procedures discussed, 
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and is preferred where applicable. However, the zero magnetic-field method 
is discussed first because it clearly exhibits all of the steps of the general technique 
presented above. 


A. ZERO MAGNETIC-FIELD METHOD 


One way to obtain a first approximation to the correct electron density dis- 
tribution is to neglect the effects of the earth’s magnetic field, and to follow the 
procedure suggested by APPLETON and Dr Groot. The numerical evaluation of 
the resulting integral has been simplified by KeLso (1952), so that a first approxi- 
mation can be obtained from an experimental record in a few minutes. 

Using this method, we find a distribution of electron density which, in the 
absence of the earth’s magnetic field, would yield the observed h’-f curve. However, 
in the presence of the earth’s field, this layer would lead to a different h’-f curve, 
which must now be found. A procedure for calculating the h’-f curve for a given 
distribution of electron density in the presence of the earth’s magnetic field was 
given by KeEtso (1954b), and this method was used here. 

Thus, we find the h’-f curve which results from the approximate distribution 
in the presence of the earth’s field. The difference h,’(f) between this curve and the 
observed h’-f curve, we attribute to a superimposed distribution, z,(f), which 
must be found. 

The difference curve h,'(f) can be treated as if it were an observed h’-f curve, 
and the above procedure can be reapplied. These steps may be repeated until 
some nth stage is found where the difference curve h,’(f) is negligibly small. 
However, the no-field approximation is sufficiently close to make the results 
converge very rapidly. Therefore, the no-field approximation for z, is likely to 
lead to results which are about as accurate as the experimental errors permit. 
However, if doubt exists, an additional iteration of the procedure can be made to 
determine whether or not the next difference curve h,'(f) is of the order of the 
experimental errors. 

This method, using only two distributions z, and z,, has been applied to an 
exact h'-f curve calculated by SHinN and WHALE (1952) for a parabolic layer in 
the presence of the earth’s field. The solid curve of Fig. 1 is the exact parabolic 
layer, the triangles show the first approximation obtained by neglecting the earth’s 
field, and the circles show the results obtained by the method just described. 
The determination of the circled points took approximately 1 hour, starting from 
the original h’-f curve. At the lower frequencies there is some error which can be 
attributed to the necessity for extrapolation of the original h’-f curve to obtain 
low-frequency data 

This method has been used for a layer whose h’-f curve (KELSO, 1954b) is 
given by Fig. 2 and illustrates the applicability of the method to more complicated 
cases. The results are shown in in Fig. 3. In this case, the errors at the lower 
frequencies are caused by the process of numerical differentation used in finding 
hy'(f). 


B. Parasportic LAYER METHOD 


Since the ionosphere is frequently of roughly parabolic form, the first approxi- 
mate distribution could be taken as a parabola, found in the well-known manner 
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Fig. 1. True heights of a parabolic layer versus f,. Based on group height curve calculated by 
SHINN and WHALE by method including the earth’s magnetic field. 
— Exact. Calculated with magnetic field. A Calculated without magnetic field. 
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Fig. 2. Calculated values of h’(f) for a double arc-cosine layer. Effects of 
earth’s magnetic field are included. 
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proposed by APPLETON and BryNnon (1940) and modified to include the earth’s 
magnetic field as suggested by SHINN and WHALE (1952). Thus, we write, 


h’ = ho + Ym f/f.) (4) 


where h, is the “‘bottom’’ of the layer (V = 0), y,, is the semi-thickness of the 
layer, f, is the critical frequency of the layer, and ¢ is a function which must be 
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Fig. 3. True height as a function of fy. Calculations were based on h’(f) curve given in Fig. 2. 
— Exact. © Calculated with magnetic field. A Calculated without magnetic field. 


calculated for particular magnetic-field conditions. Any single calculation of the 
function ¢ is valid for only a single critical frequency f,, but this calculation can be 
used approximately over some range of critical frequencies. SHINN and WHALE 
have tabulated a certain amount of such data, and if more are needed, they can 
be obtained by various procedures including the procedure used above to obtain 
h,'(f), and the procedures developed by ARGENCcE and Mayor (1953) and by 
MaRIANI (1953). 

The parabolic layer method is illustrated by applying it to the h’-f curve 
shown in Fig. 4. This curve was drawn arbitrarily to simulate those frequent cases 
in which the observed layer is roughly parabolic, but contains regions of irregularity. 

For the function ¢, we use the same data of SHINN and WHALE which were 
used to give the h’-f curve studied in the first example. We plot representative 
values of h’ from Fig. 4 against the corresponding values of 4 for the same f/f, 
ratio. The result is shown in Fig. 5. If the original layer. had been parabolic, 
the points would all lie on some straight line. Since this is not true, the original 
layer is not parabolic. We attempt to fit a straight line which gives the smallest 
deviation of the points from the line. The result is shown in Fig. 5, as a dashed line. 
The slope of this line gives the semi-thickness of the parabolic layer, and the 
intercept at ¢ = 0 gives the height of the bottom of the layer. In addition to 
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Fig. 4. Curve showing h’(f) for ‘‘typical layer.’’ This curve was drawn arbitrarily to simulate a distorted 
parabolic layer. 
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Fig. 5. Application of generalized APPLETON-BEYNON method to the h’(f) curve shown in Fig. 4. 
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defining a particular parabola (characterized completely by /., y,,, and hy), the act 
of plotting the dashed line also defines the group height curve h,’ corresponding 
to the parabolic layer. Hence, the difference curve, h,'(f), can be obtained from 
Fig. 5 merely by plotting the vertical difference between the experimental points 
and the straight line as functions of frequency. Then, we neglect the earth’s 
field and use the integral-equation method to find the distribution z,, corresponding 
to h,'(f). The distribution z, is added algebraically to the parabolic layer (defined 
by hyo, ¥,, and f,) to obtain the final result. 

This procedure is much more rapid than the zero magnetic-field method, 
since it obtains the first approximation and the corresponding group height curve 
in a single step which is itself more rapid than a single application of the integral- 
equation procedure. (The procedure involved can be carried out in about thirty 
minutes.) Thus, it is better to use the parabolic method whenever the layer is 
not too distorted. 

The criterion to use in determining the best fit of a straight line to the experi- 
mental data is likely to be somewhat different from that which is applied in the 
normal use of the APPLETON-BEYNON method. In the direct use of this method, 
it is generally desirable to have the straight line fit the points near the critical 
frequency. In the present application, a limited amount of experience indicates 
the importance of keeping the deviations of the points at low frequencies to 
reasonably small values. This need arises from the application of the integral- 
equation method, in which the values of h,’ at low frequencies have an effect on the 
calculations for higher frequencies. 

It should be remembered that both of the methods described, like most other 
methods, are restricted to monotonic layers and cannot properly be applied to 
regions above the lowest maximum of the layer. Mannine (1949) and Piacorr 
(1954) have given detailed discussions of the difficulties arising when the layer 
is not monotonic. Some interesting results on multi-layers have been obtained 
recently by JACKSON (1956), who used rocket data to supplement radio soundings, 
and by Sumoys and Karp (1956), who require data measured at some fixed point 


in or above the layer. 
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Long-path V.L.F.—Frequency variations associated with 
the solar flare of 23 February 1956 


A. H. Atntan, D. D. CrompBiz, and W. A. PENTON 
Dominion Physical Laboratory, Department of Scientific and Industrial Research 
Lower Hutt, New Zealand 


(Received 2 October 1956) 


Abstract—The frequency and phase variations of GBR on 16 ke/s as received in New Zealand during 
the solar flare of 23 February 1956 are described and compared with the effects during a normal flare. 
The difference is attributed to the cosmic-ray increase accompanying the 23 February flare. 


INTRODUCTION 


THE solar flare which commenced at approximately 0331 UT on 23 February 1956 
was unusual in that it was accompanied by an increase in cosmic ray activity 
commencing 20 min later. During the period of the flare and the later cosmic-ray 
increase, observations were made at Lower Hutt, New Zealand, of the received 
frequency of transmitting station GBR Rugby of 16 ke/s, using a method which 
has been reported briefly (ALLAN, CROMBIE, and PENToN, 1956). The shortest 
path from Rugby to Lower Hutt is approximately 19,000 km, and at the time of 


the flare about three-quarters of this path was illuminated by the sun and the 
rest in darkness. 


FREQUENCY VARIATIONS OF GBR 23 FEBRUARY 1956 


Fig. 1 reproduces the original beat-frequency record between GBR and a 
locally-generated signal of nominal frequency 16 kc/s, the stability of which is 
estimated to be not worse than +2 parts in 10° over the period. Fig. 2 shows the 
apparent frequency change in the incoming GBR signal as deduced by measure- 
ment from Fig. 1. It will be seen that at approximately 0330 UT the frequency 
of GBR increased rapidly, reaching a maximum at 03333 UT, at which time it 
had increased by 285 parts in 10°. It then decreased less rapidly until 0340, at 
which time it was within 15 parts in 10° of its original value, and then increased 
slowly until 0347, at which time the increase was 40 parts in 10°. The frequency 
then decreased slowly to approximately normal at 0405 UT. 

The apparent decrease in signal strength during the rapid increase in frequency, 
suggested by Fig. 1, is largely due to the narrow bandwidth (0-02 c/s) of the 
receiver. The resultant time delay of 1 min has been taken into account in Fig. 2 
and in the text. However, later at 0340 the signal strength did decrease, but 
recovered by 0800 UT. This period of low-signal strength covers the usual sunset 
“minimum,” which on the previous two days occurred between 0630 and 0730 UT. 

As well as the major effects noted above, there were changes in received 
frequency of GBR before the flare occurred, the greatest being an increase of 14 
parts in 10° at 0240 UT. There is also evidence of an increase at 0550 superimposed 
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on the general decrease in frequency following the main disturbance. Fig. 3, 
derived from Fig. 1, shows the approximate phase change of the GBR signal, 
during the disturbance. 

10 

23 Feb. 1956 | 

| Osc. 0 vs GBR D slow ref. GBR 





0-8 


Pas ieee flare reported 
Paper speed lin/hr 


0301 O401 O501 # £0601 0701} 0801 UT 


1418 1601 NZMT Local sunset 
Fig. 1. Beat frequency record of GBR against local reference oscillator during the disturbance. 
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COMPARISON WITH FREQUENCY VARIATIONS DURING THE 
SoLtAR FLARE OF 10 FEBRUARY 1956 


The foregoing results may be contrasted with the variations of GBR measured 
during the sudden phase anomaly (SPA) on 10 February at 2125 UT, which 
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Fig. 2. Frequency changes of GBR deduced from Fig. 1. 


represents the behaviour during more usual solar flares. On 10 February the 
signal amplitude increased to twice the value prior to the disturbance and slowly 
returned to normal in 45 min. The frequency variations are shown in Fig. 4. 

There are some important differences between Fig. 2 and Fig. 4. In Fig. 4 
the maximum increase in frequency is 130 parts in 10° followed by a decrease in 
frequency below normal to a maximum value of 22 parts in 10°, the areas under 
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the positive and negative excursions being approximately equal. This is what 
one might expect (BRACEWELL and STRAKER, 1949) if an equivalent reflecting 
region were suddenly moved downward and then slowly reverted to its former 
height, remembering that instantaneous frequency is equivalent to rate of change 
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Fig. 3. Phase change of GBR deduced from Fig. 1. The dashed line shows approximately what might 

be expected during a more usual flare. 


of phase. However, in Fig. 2 there is no appreciable reduction in frequency 
below that prevailing before the flare, but in fact the frequency increases again. 
After 0410 UT the frequency remains about 10 parts in 10% low, except near 0600 
UT, and does not recover to its initial value until about 0900 UT. The same 
behaviour is shown in the phase curve of Fig. 3 on which is superimposed the 
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Fig. 4. Frequency changes of GBR during the solar flare of 10 February 1956 at 2125 UT. 
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phase change that might be expected during a more normal type of flare. J. A. 
PIERCE has pointed out to us in a private communication that the second increase 
in frequency at 0347 UT coincides closely with the increase in frequency of GBR 
which he observed at the same time over a transatlantic path. We have also seen 
a copy of a paper by BELROSE, DAVENPORT, and WEEKES (1956), dealing inter alia 
with the sudden phase anomaly of GBR observed on this occasion at Cambridge 
(England). This also occurred at 0345 UT. 
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Discussion 


PIERCE (1956) suggests that our record shows both the primary effect of the 
solar-flare photons and the delayed effect 10 min later observed by him and also 
by BrELRose, Davenport, and WEEKES, and also suggests that the delayed 
effects on the dark side of the earth is associated with the cosmic-ray burst. 
With this view we agree. 

The phase change observed by PreRcE is slightly greater than the total phase 
change after 0345 observed by us, in spite of the much greater length of our path. 
This suggests that the D-region changes responsible were largely confined to the 
dark portion of the earth rather than spread uniformly over the whole surface. 

It has been pointed out by ELLiot (1952) that there have been four previous 
occasions recorded when widespread cosmic-ray increases have been associated 
with solar flares, together with some other less-marked increases. It would be of 
great interest if V.L.F. ionospheric data obtained on such occasions were examined 
for changes. 
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pointed out the possible special significance of our original data. Our thanks are 
also due to Dr. K. WrExkes of the Cavendish Laboratory for access to the results 
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Note on a “QL-QT” transition level in the ionosphere 


(Received 27 September 1956) 


INTRODUCTION 
In a recent paper, LEPECHINSKY (1956) discusses the existence of a QL-QT transition 
level in the ionosphere. He argues that at the height where the collision frequency v = »,, 
where 
sin? 
= fe ———— 
7 cos 0’ 
there must be an abrupt fall of the refractive index for the ordinary component, associated 
with a reflection condition, if this level occurs at values of X between 1 and 1 + Y. 
LEPECHINSKY also shows that, if one assumes a certain curve for the variation of the 
collision frequency with height, the reflection level for the ordinary wave from the £ layer 
should be as follows: 
At X = 1 for dip angles <60° 


At X = 14+ Y for dip angles >70°, 


and that there probably should be a change over from the one to the other near midday 
at latitudes with dip angles between 60 and 70°. 

The purpose of this note is, firstly, to throw further light on LEPECHINSKY’s two main 
points from observations made at high latitudes, and secondly, to suggest a method by 
which information may be obtained about the electron density in the dip between the # 
and F layers of the ionosphere. 


THe TRANSITION LEVEL 


In his paper, LEPECHINSKY points out the marked difference in the dispersion curves 
drawn for constant values of y greater or smaller than v,. In the QT case (vy < ,), the 
refractive index for the “‘ordinary” wave will fall abruptly near X = 1 to a very small 
value and will remain small in the range of X from | tol + Y. Inthe QL case (vy > »,), on 
the other hand, there will be no such abrupt fall at this level, and the refractive index will 
fall more slowly towards a small value at X —1-+ Y. If now thecollision frequency decreases 
through the value y, at a height where X is between 1 and 1 + Y, LEPECHINSKy argues 
that the refractive index must suffer an abrupt fall at this level. 

A closer study of the dispersion curves shows that this is not so. In Fig. 1 we have 
drawn the curves for the “ordinary” component (here defined as the component which 
would leave the ionosphere after reflection with a left-handed sense of polarization) for two 
models of the ionosphere. To the left we have chosen an E- and F-layer model with no 
marked dip between the two layers, and a frequency such that the maximum electron 
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density in the # layer corresponds to a value of X between 1 and 1 + Y. The level where 
vy = y, also occurs at a height where X is between 1 and 1+ Y. The curves are for the 
geomagnetic conditions at Tromsé. It is obvious from Fig. l(a) that there will be no 
transition level associated with an abrupt change in the refractive index at the level 
y= y,, but that the wave will continue to be propagated as a ‘longitudinal’ type until 
it eventually is reflected from the height where X = 1 + Y in the F layer. 


OBSERVATIONS AT TROMSO 


In Fig. 2, examples of typical h’f records obtained at Tromsé during quiet conditions 
are shown. In (a) a record is shown, where it is possible to determine two critical frequencies 


(b) 
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Fig. 1. Refractive index yu for the “ordinary”? component as a function of height h for two-layer models. 


h— 


of the “‘ordinary”’ type for the # layer. These are usually referred to as the o and z com- 
ponents. The z component corresponds to the longitudinal type of propage tion, and the 
simultaneous occurrence of the o and z waves has been explained in terms of coupling effects 
(see, for example, RyDBECK, 1951.) In (b) in Fig. 2 a record is shown where only one 
critical frequency for the layer can be determined. It is clear from the observed traces 
from the F layer that this must correspond to the 0 mode, and that consequently the 
propagation must be quasi transverse at the height X = 1 for waves near the critical 
frequency of and reflected from the E layer. In fact, for two years of observations, it was 
impossible to find a single record when a critical frequency could be determined in which 
there was doubt as to whether this was an o or a z component, and it was nearly always 
found when both were present that the ordinary component was stronger than the corre- 
sponding z component. 

A METHOD BY WHICH INFORMATION MAY BE OBTAINED OF THE ELECTRON 

DENSITY BETWEEN THE FE AND F LAYERS 

In Fig. 1(a) we saw that a z wave for a frequency between fz and fo for the E layer, for an 
E- and F-layer model with no marked dip in the electron density between the layers, 
would penetrate the # layer and eventually be reflected from the F layer above. This 
wave has been referred to in the literature as the penetration triple split or penetration 
z wave, and a typical example of the phenomenon is shown in Fig. 2(a). 
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In Fig. 1(b) the dispersion curve is shown for the “ordinary” component for a different 
layer model, in which there is a marked decrease in the electron density between the layers. 
In this case we see that the longitudinal type of the ordinary curve does in fact belong to 
the curve which in the zero-collision case is referred to as the extraordinary mode. For 
this model there will be no possibility for the z component to penetrate the E layer. 

It now appears that, according to a ray theory, for a frequency between fz and fo 
for the # layer, a penetration z component is only possible if the electron density between 
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Fig. 3. Observed distribution of Af. 


the layers is not reduced to a value making X smaller than 1, when QT propagation is 
assumed at this height. In other words, there must be a maximum value of the frequency 
at which the penetration triple split can be observed, determined by the value of the 
electron density between the layers. Although these results are strictly correct only for a 
ray theory, a full wave theory would also result in a marked decrease of the strength of 
the penetration triple split at this frequency. In Fig. 3 we have shown in a histogram the 
observed distribution of the parameter Af = fo — fm, where fm is the highest frequency 
at which the penetration triple split was observed, for all the penetration triple splits 
which were observed at Troms6 in 1950. We see that most often the penetration triple 
split was observed up to a frequency fairly close to fo, a result which indicates that there 
was no marked decrease in the electron density between the EH and F layers. 


Norwegian Defence Research Establishment B. LANDMARK 


Kjeller, Norway F. Lizp 
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Fig. 2. Typical records obtained at Tromsé6. 
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Geomagnetic variations in the cosmic-ray disturbance 
of 23 February 1956 


(Received 11 October 1956) 


AN investigation into the variation with geomagnetic latitude of the sea-level intensity 
of the nucleonic component of cosmic rays by Stmpson, Fenton, Katzman, and Rose 
(1956) shows that the effective geomagnetic equator for the deflection of cosmic-ray primaries 
does not coincide with that determined from field measurements at the surface of the earth. 
The results indicate that for this particular feature the effective deflection field may be 
represented as that of an inclined eccentric dipole which is rotated some 40° to the west of 
the dipole determined from surface measurements, but with approximately the same 
inclination. This shift of axis does not give a complete explanation of the behaviour of all 
geomagnetic-effect measurements, particularly in regard to the longitude effect near the 
knees (RosE and Katzman, 1956; Rosr, Fenton, Katzman, and Simpson, 1956) but 
Simpson et al. (1956) show that there is considerable supporting evidence from comparisons 
between measurements taken in Europe and U.S.A. The shift of axis leads only to a small 
change of “geomagnetic latitude”’ over the eastern United States, but produces a southerly 
shift of 6°-7° over Europe. 

In the generally quoted Centre Dipole Field (CDF) co-ordinates, the laboratories at 
Ottawa and Leeds lie in almost the same latitude, and it is of interest to compare the 
responses of neutron monitors at these stations, together with data published elsewhere, 
during the exceptional solar disturbance of 23 February 1956. The CDF latitudes calculated, 
using the data of VESTINE, LaporTE, LANGE, and Scorr (1947), are: Ottawa 56-8° N, 
Leeds 56-7° N. 

The response of neutron monitors to particles associated with the disturbance may be 
divided into two parts: 

(i) A part sensitive to local time, during which particles are incident upon earth preferen- 
tially from the direction of the sun. This part is associated with an enhanced response to 
the products of slow primaries in specific “impact zones” (FRIoR, 1954), and perhaps with 
an increased flux of more energetic primaries, which may have been present during this 
disturbance on the sunward side of the earth; 

(ii) A part which lasted for many hours and which is probably insensitive to local time. 
This part is attributed to the incidence upon the earth of particles arising from the initial 
disturbance, but which have been constrained to a region, within the solar system, which 
has been shown (MEYER, PARKER, and Stmpson, 1956) to extend to no great distance beyond 


the orbit of the earth. 
The second part of the recorded response is strongly latitude-sensitive and is the subject 


of this note. 

In Fig. 1 the ratio of the percentage increases of the responses above normal of the 
monitors at Ottawa and Leeds is shown as a function of UT for a period of thirteen hours 
after the onset of the disturbance. Similar ratios using data published by other observers 
for stations near sea-level are shown for Durham (N. H.)/Leeds (Lockwoop, Yr1nest, 
CoLawa, and SARAMANIOTE, 1956) and for Chicago/Leeds (MEYER et al., 1956). The CDF 
geomagnetic latitudes of Durham and Chicago are 54:7° N and 52-6° N respectively. All 
three of these ratios show a rapid initial increase, which has not been shown in the diagrams, 
arising because Leeds lay in a primary impact zone; thereafter they all show no significant 
variation. Thus the comparison of the response of the monitor at Leeds with that at the 
North American stations during this later phase of the disturbance reveals no detectable 
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variation sensitive to local time. In particular, there is no change of the ratio as the several 
stations enter solar impact zones. This constancy of ratio is shown in Fig. 1 to be maintained 
for at least ten hours and it must be regarded as direct evidence of the isotropic distribution 
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Fig. 1. Time variation of the ratio of the relative response at Leeds 
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of the radiation, or at least of the uniform distribution in longitude of the effective source of 
the particles which leads to the response of the monitors in this later phase of the disturbance. 

Among the North American stations, the percentage increase of response during this 
period is very strongly latitude-sensitive, and we draw attention to the fact that the 
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Fig. 2. Ratio of the relative response at Leeds to that at North American stations 
as a function of CDF geomagnetic latitude of these stations. 











increase at Leeds does not correspond to that at Ottawa (which is at the same CDF geo- 
magnetic latitude), but to a markedly lower latitude. This effect is in qualitative agreement 
with recent evidence from several sources and from different phenomena (see, in particular 
Fay, 1955; Wappineton, 1956; DANIELSON, FREIER, NAUGLE, and NEy, 1956). 

The broken lines in Fig. 1 correspond to the mean values of the ratios of the relative 
responses evaluated over the interval 0600-1700 UT (both Durham and Ottawa records do 
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not appear to have reached a constant value relative to that of Leeds before 0600 UT). In 
Fig. 2 the mean values are plotted against the CDF geomagnetic latitudes of the North 
American stations, and it is apparent that a monitor in eastern North America at CDF 
latitude 51° N would be expected to give the same response during the later phase of the 
disturbance as that at Leeds. 

It is premature to specify the function of the external field of the earth which is effective 
for the particle distribut’.n responsible for the later phases of neutron monitor records 
discussed here, but we draw attention to the fact that in the middle latitudes this effect 
allows very precise equivalents to be established in different longitudes. Only a few neutron 
monitors were in operation during the recent disturbance, but many more will be operating 
in the near future, and information of the character of that outlined here is likely to be much 
more extensive for solar disturbances in the future. Because of our limited understanding 
of the particle distribution which leads to the later phase of these events, it will be of parti- 
cular interest to determine whether the equivalence of response at stations in differing 
longitudes is maintained from one event to another. 


The University, P. L. MarspENn 
Leeds J. G. Witson 


National Research Council, Ottawa D. C. Rose 
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Abstract—The precise current variation in the lightning discharge channel and the propagation 
characteristics of the transmission path for the low-frequency radio waves generated, provide possible 
explanations of the finer details of recorded electric-field change waveforms and some of the observed 
anomalies in the application of the pulse-reflection theory to ‘‘atmospherics.”’ A graphical construction 
for the prediction of waveforms, given the source conditions, indicates how the change in shape with 
reflection order of the ionosphere-reflected pulses can be explained in terms of source effects and the 
mode responses of an imperfectly conducting infinite parallel-plane wave-guide, whose known propagation 
characteristics give a qualitative explanation of the diversity of waveforms recorded. The dependence 
upon range and time of day provides experimental confirmation of BUDDEN’s wave-guide approach. 
One type of waveform, observed during day and night, indicates a directional variation of the propagation 
factor transcending the diurnal variation over a certain region. 


1. INTRODUCTION 


In recent years there have been several isolated attempts to explain atmospheric 
waveforms, in terms of wave-guide responses. It is the purpose of the present 
discussion to show the comprehensive application of such a treatment, by indi- 
cating how the various waveforms, observed in practice, can be predicted theo- 
retically and so provide an understanding of the source and propagation effects 
resulting in such diversity of detail. 

As early as 1945, HauBERT applied wave-guide considerations to the very 
smooth type of atmospherics, and deduced an effective height for the reflecting 
layer of the ionosphere of 50 km. Later (1948), Hazes estimated a height of 
75 km, based upon a wave-guide analysis and a source distance obtained from a 
“‘Sferics” network—-since the analysis alone was insufficient to distinguish between 
pairs of values of distance and height. In a theoretical paper, BUDDEN (1951) 
calculated the response of the earth-ionosphere system, to a step function impulse, 
for various ionospheric conductivities, and was able to show that in the case 
of infinite conductivity the successive mode responses could combine to give a 
waveform showing a series of peaks, such as would be expected by simple specular 
pulse-reflection. The wave-guide interpretation was thus extended to reflection- 
type waveforms, though the actual form obtained was deduced for a step-function 
discharge, rather than for physically possible cases. A recent paper on reflection- 
type atmospheric waveforms (HEPBURN and PIERCE, 1954) has shown the signifi- 
cance of source phenomena, so that it is desirable to discuss this aspect in detail, 
when considering the modifications produced by propagation. 


2. OBSERVED TYPES oF ATMOSPHERICS 


Observations at Cambridge (HePBURN, 1952) showed the possibility of classi- 
fying waveforms in two main groups, namely reflection and smooth types. Return- 
stroke discharges, producing less confused waveforms than precursor or cloud 
discharges, show the distinction most clearly and they only are considered in the 
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Fig. 1. Typical waveforms. 
Waveforms 1-5 were obtained with a 10-ms sweep: 6-10 have a duration slightly 
greater than | ms. 
Tracings are given, as the large range in writing speed on some of the waveform traces made 
satisfactory reproduction of the originals impossible. 
Notes on individual examples include recording date and time and the Sferics fix for the 
individual discharge or storm centre in terms of geographical location, range, and azimuth, 
and the variety and type of the waveform. 
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present paper, which discusses principally the more complicated, but inherently 
more interesting, reflection type. Fig.1 illustrates typical waveforms of the 
two types. ; 

Reflection-type waveforms are obtained from discharges in a region including 
the British Isles, Europe, and the Mediterranean bounded to the south-west at 
a distance of 1500-1700 km, and derive their name from the nighttime long- 
train variety exhibiting a series of peaks interpreted as successive reflections of 
an original pulse between the earth and an ionospheric layer. The peaky form 
becomes more rounded and eventually smooth as the propagation distance 
increases from 2000 to 4000 km, and also at the shorter range under twilight 
conditions. The daytime peaked variety is included within this type, because 
of the observed transition at dawn from long-train waveforms to the daytime 
variety having only a few oscillations of rapidly decaying amplitude but almost 
identical time separation, and the observation, although rare, of reflection 
trains in daytime having up to fifteen peaks. The great disparity in amplitude 
of the initial and subsequent peaks is a possible cause of their previous rejection 
as a variety of reflection type waveform. 

Smooth-type waveforms originate beyond the transition region at distances 
greater than 1700 km to the south-west and are observed with only minor variation 
throughout the 24 hours. The amplitude of the quasi-sinusoidal oscillation 
increases rapidly and then diminishes as the gradually increasing period approaches 
the maximum value of 250 us, irrespective of distance of origin, unlike the reflection 
type, for which the limiting period is about twice this value. Subdivision into 


regular and irregular varieties according to the presence of an obvious disconti- 
nuity in the waveform is possible, but the proportion in each group varies with 
the criterion of the irregularity. 


3. SOURCE PHENOMENA 
3.1. Discharge-current variation 
Discussion will be restricted to consideration of the simple current surge of 
the return stroke. The simplest mathematical form to consider is perhaps the 





Figure 1—continued. 
. 14.11.50, 2100. Storm centre N. Italy, 1000 km, 127°. Nighttime peaky long-train 
reflection type, with sharp peaks and considerable harmonic content. 
2. 12.12.50, 1900. Trieste, 1200 km, 124°. Earlier nighttime long-train reflection type, 
showing rounded peaks and little harmonic content. 
. 28.5.51, 0220. N. Germany, 900 km, 85°. Degenerate long-train waveforms, when half 
the propagation path is iluminated giving smoother and less numerous peaks. 
. 28.5.51, 0520. N. Germany, 900 km, 85°. Daytime peaked variety of reflection type, 
showing very rapid decay of peak amplitude, but the same time intervals as 3. 
. 14.11.50, 1200. Possibly N. Italy, 1000 km, 127°. Daytime peaked variety, analysed 
by pulse-refiection theory giving fair fit with h = 85 km, d = 1000 km. 
. 29.3.55, 1630. Pyrenees, 1150 km, 179°. Daytime peaked variety, showing charac- 
teristic lack of sinusoidal nature and rapid decay of pulses. 
. 11.5.55, 1130. Atlantic, 2200 km, 268°. Daytime regular smooth type, with no 
obvious irregularity. 
8. 12.1.55, 2040. Atlantic, 3200 km, 258°. Nighttime regular smooth type, with detectable 
harmonic. 
9. 11.5.55, 1130. Atlantic, 2300 km, 250°. Daytime smooth type, showing irregularity 
at third peak. 
10. 12.1.55, 1830. Atlantic, 3800 km, 259° Nighttime smooth type, showing irregularity 
as protracted fourth peak. 
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“idealized flash” taken by BuppEN, in which the electric moment of the cloud 
and image charges is destroyed instantaneously, giving a radiation field consisting 
of a double impulse. Although useful in the first approximation, such a simplified 
form must be refined to give some indication of the modifications observed in 
specific instances. Experimental evidence of actual discharge-current variations 
reveals the general tendency for the current to rise to a peak value, of the order 
of 20 kA, in 4-7 ys, decaying to half-value in 10-30 ws (BRUCE and GoLDE, 1941). 
Frequently a continuing current of a few kiloamps takes several milliseconds 
to die away, as has been directly observed (McEAcHRoN, 1939) and deduced from 
net change records (APPLETON and CHAPMAN, 1937). 

From considerations of the distributed capacity of the leader channel, the 
velocity of return-stroke propagation and the time for charge neutralization, 
Bruce and GoLpE (1941) have been able to derive an expression for the discharge 
current 


I =I,(e-* — e-*) (1) 


which is in close agreement with average observations for the first few micro- 
seconds. Allowing for the increasing length of channel as the return-stroke tip 
advances, and assuming that the current flows into this tip, the expression for 
the rate of change of electric moment (M) becomes: 


dM /dt = 21yv,(e-* — e-*)(1 — e-*)/6, 


where J, is a current parameter, put equal to 20 kA; vy is the average initial 


rate of advance of the return stroke 8 . 104 km/s, and a, f, and 6 are the decay- 
time constants of the discharge current and return-stroke velocity respectively, 
=+5.104, =5.10°, and 3.104 s-! (after BRucE and GoLpE). The order of magni- 
tude of the magnetic field radiated by the channel calculated from this moment 
variation is largely governed by the higher frequencies radiated and the agreement 
with observation using loop aerials is good in consequence, since the initial current 
variation is then the governing factor. However, the electrostatic field changes 
are most inadequately described and the finer details of pulse shape and duration 
may be misrepresented. 

In an attempt to overcome these criticisms, the simple expression for current 
variation was modified by the writer to include a third term, which decays much 
more slowly than the other two and is dominant after 40-50 us (Fig. 2). 
The current form then becomes: 


I = Ae~-™ — Be-™ + Ce-" (2) 


where A, B, C = 20, 25,5 kA, and a, 8, y = 5.104, 5. 105, 7. 10? s-1 (HEPBURN, 
1952). This current form gives a truer approximation to the average observations 
without significantly altering the magnitudes which it was the aim of the earlier 
expression to predict. Thus a peak current of 18-6 kA after 6-1 us is little different 
from the original 14-0 kA at 5-1 ws, and in better agreement with average observed 
values of 20 kA and 6 us (Fig. 2). The charge neutralized in the first 100 us is 
0-84C (instead of 0-36) effectively at 1:5km when the total channel length is 
2-67 km, corresponding largely to the capacitatively-bound charge on the channel. 
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A total of 7-5 C eventually flows, giving a net change of 38 C km, in much better 
agreement with accepted data. This latter neutralizes remanent charges and 
perhaps produces leaders to other centres within the cloud in the subsequent 
readjustments after the discharge. Some is probably sprayed into the region 
about the channel and its branches by corona discharge, comparable with occur- 
rences in the leader stroke (BrucE, 1941) and re-establishing a positive space- 
charge removed by the leader. 








I= he“tpe®4.ce 


Current 




















It is to be noted that the magnitude of the moment change is largely governed 
by the product of the amplitude and decay time-constant of the continuing 
current, and that pairs of values such as 20 kA x 355 us or 0-5 kA x 14-3 ms 
would give the same net field change as the 5 kA x 1-43 ms used in the expression, 
without causing significant alteration to the initial portion of the current wave- 
form, which is governed by the first two terms, or producing field-change forms 
outside the observed range. 


3.2. Radiated pulses 

The Bruce and Golde current variation (eq. 1) producesa free-space electric radia- 
tion field pulse, lasting 12 us, followed by one of the opposite sign of about one- 
fifth the amplitude, rising to crest value in 14 us; whereas the new form (eq. 2) gives 
an initial pulse of 22-yus duration followed by a very minor excursion of only a 


125 





F. HEPBURN 


twentieth the size, reaching its crest in 15 us (Fig. 3). These are to be compared 
with the “equal amplitude” (infinite) double pulses from the “‘idealized”’ flash: 
and it is clear that the longer and smaller the continuing current the more nearly 
does the new radiated waveform approach that obtained from BRucE and GOLDE’sS 
expression. 

For the subsequent interpretation, the Fourier components and the phase 
relations of these component frequencies of the radiation field are desired explicitly. 
and they have been obtained as Fourier transforms from the simple analytical 
expressions deduced for moment change. In the spectrum of the “‘idealized”’ 


| 


Amplitude 











Time 


Fig. 3. Radiation-pulse shapes. 


discharge the amplitudes are proportional to frequency and the components all 
have the same phase, giving k.f. exp (i7/2) as the Fourier transform. The ampli- 
tudes have also been evaluated for a discharge producing an electrostatic-field 
change comparable with that deduced from the Bruce and Golde form of moment 
change given above. The relative spectra amplitudes for the Bruce and Golde 
and the new discharge-current forms are given in Fig. 4 (plotted on a logarithmic 
frequency scale) and Fig. 7b, which show their comparability above 10 kc/s. 
and the greatly enhanced amplitudes in the range 100-1000 c/s produced by the 
continuing current. This range of frequencies is responsible for the production 
of the slow-tail phenomena, which are to be discussed in detail in a subsequent 
paper. The phase angles of the component frequencies in the radiation fields 
are given in Fig. 5 for the two realistic discharges, showing the considerable 
divergence in the range of appreciable amplitude. 


4. PROPAGATION EFFECTS 
4.1. Wave-guide and pulse-reflection interpretations of long-train waveforms 
The wave-guide and pulse-reflection interpretations of an observed atmo- 


spheric waveform propagated from a distant source approach the subject along 
essentially different lines. The pulse-reflection theory considers the individual 
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peaks separately, estimating amplitude, temporal occurrence, and distortion 
from the geometrical factors and Fresnel reflection coefficients. In contrast, 
the mode responses of the wave-guide treatment are components of the whole 
waveform, the fundamental mode response defining the principal temporal 
occurrences and the later “harmonics” constituting successive corrections, to 
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Fig. 4. Radiation-field amplitude spectra. 
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Fig. 5. Phase angles of the Fourier components. 


describe more and more adequately the shape of the individual peaks. The 
diagrammatic analysis of part of a long-train waveform into fundamental and 
next two harmonics is illustrated in Fig. 6, together with representations of 
propagation-theory nomenclature to be used. Since the two theories are merely 
different approaches to a single phenomenon, their results must be mutually 
equivalent. 

In his wave-guide interpretation of what appear to be smooth-type wave- 
forms, HALEs (1948) has hinted at the formal equivalence of the mathematical 
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equations deduced from the two approaches. However, it is felt that a more 
general and explicit restatement is to be desired, especially in view of the detailed 
use to be made of the concepts in the following section. 

When the Fourier transform of the source signal is A(f). exp 27. 6(f) . 7, 6(f) 
being measured in cycles for later convenience, and radiation into free space is 
of the form e~‘’/r with velocity c, the field at a large distance d and time ¢ after 
the start of the signal is proportional to: 


E(t, d) = [ian exp 2mi {f.t + 0(f) —f.d/e — 4}. df, 


the phase term, —} arising from the approximation to the Bessel function for 
large d. For any mode of propagation m having a phase velocity v in the infinite 
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Fig. 6. Propagation theory nomenclature. 


wave-guide formed by the earth and ionosphere, initially considered as perfectly 
conducting parallel planes of separation h, the mode response is of the form 


iit, a) = | -_A(f) exp 2ni {ft + 0(f) —f alo —8} df, 


where wave-guide theory gives the relation 
(c/v)? = (1 — mc?/4h?f?). 
Now of) =f(d/e — djv) 


gives the phase lead in cycles of a given frequency propagated in the wave-guide 
with respect to the same frequency propagated in free space. The latter expression 
has been evaluated in a given case for various frequencies and different modes 
and is plotted in Fig. 7a. The phase leads increase very rapidly to a limiting 
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value as the cut-off frequency, f, = mc/2h, of the mode is approached and tend 
to zero asymptotically at high frequencies. The single-mode response may thus 
be written 


(t, d,m) = | A(f) exp 2niff.t + 0(f) + 4) —F- dle — 3} af 


An asymptotic approximation can be obtained by the method of stationary 
phase to determine the time variation at a given time, t,. If t =t, +7, we are 
interested in a small range of 7 near zero. The total phase angle, y, is given by 


y(f) = {f.t + Of) + o(f) —f.d/c —4}. 


The saddle point of y in the complex plane of f defining the condition of 
stationary phase is given by y = dy/df = 0. This is satisfied by f =f, at t = t,, 


i.e. te + Of.) + $f.) — d/e = 0 (3) 
Hence y may be expanded in the Taylor series 


v(f) = v( fa) + 4(f —f,)* vf.) +-- 


B(t, d, m) = |" exp 2mi{fy.t + O(f,) + $y) — fa dle — 8 
x A(f) exp [ni(f — fy)®- {5Ufn) + BU} a 
This complex Fresnel integral gives 
E(t, d,m) = 2. A(f,) . cos 2n{f, .t + (fn) + fn) — fn» Ueh{O(fn) + H(fa)}, 
which varies as cos 27{f, .t + 6(f,) + O(f,) —f, - a/c}. 


4.2. Graphical representation by the phase-frequency diagrams 


The tangent to the source phase-frequency diagram (Fig. 7b) at f = f, makes 
an intercept 6, on the phase axis given by 


6, aa fn) —¥, ‘ O(fn)- 
Similarly, ¢,, the corresponding intercept on the propagation characteristic 
diagram (Fig. 7a), is given by 
$n oo b(fn) “Je : (fn) 
Using these relations and (3), the mode response becomes 
E(t, d,m) = 2. A(f,) cos 2n{f,.7 +O, + bn} » (fn) + O(fa)}-* 


Thus the slopes of the tangents at corresponding points of the two phase- 
frequency characteristics give the time of occurrence of a feature in the mode 


response according to the relation 

tn ae dlc ce O(fn) ae (fn) 
and the intercepts on the phase axes give the form of the feature as 
cos 2r{f, .7 +6, + ¢,} for small values of r. 
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Thus when y, = (6, + ¢,) has an integral value NV, the mode response varies 
as cos 27 f,,7 in the region 7 = 0, (¢ = ¢,), ie. the feature is a maximum value or 
crest; y, = N + } gives a minimum; y, = N + } gives negative slope through 
zero; y, — N + 1 another crest; etc. The time of occurrence of a feature in 
the mode response may be obtained as a function of ¢, rather than 4(f,,) from the 
relations given previously. Thus 


t, = (4h? . b,?/m2c? — d2/c?)! — 6(f,,) (4) 


n 


When ¢,,/m is integral and 6(f) is constant, this formula gives the usual reflection- 
theory relation for the time interval between successive ionosphere-reflected 
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Fig. 7. Phase-frequency diagrams. 
(a) Propagation characteristic. 
(b) Source characteristic. 


pulses, showing that for some feature every mth recurrence in the mth-mode 
response coincides with the same feature in the first-order mode response re- 
inforcing to give a pulse of appropriate shape. The form of the features which 
reinforce is obtained by putting ¢,, integral in the expression for y,, and investi- 
gating the variation of cos 27{f,.7 + y,} for small values of 7. Hence, from a 
knowledge of the phase-frequency characteristics of the source and propagation 
path the form of the mode responses and the resultant atmospheric waveform 
may be predicted within the limits of the foregoing theory. 

Because of the constancy of 6(f) assumed, implying constant 6,, the successive 
features reinforcing to give the resultant waveform are of the same form through- 
out the mode response. 
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For the idealized discharge, 6(f) = 1/4 and 6(f) = 0 and the mode-response 
features which reinforce are of the form cos 27(f.7 + 4), i.e. with negative slope 
through zero, giving a resultant pulse shape centred at + = 0 consisting of a 
positive pulse followed by a negative pulse. 


4.3. Modification for long-duration discharge 


When the forms of practical discharge current are considered, the phases of 
the components are not all the same (Figs. 5 and 7b). The new form of discharge 
current gives a phase characteristic roughly proportional to frequency in the 
range 1-50 kc/s; 6(f) constant corresponds to a constant delay of the waveform 
produced (eq. 4). When 6, is zero, there is a change of the waveform from a double 
pulse to a single peak, since the mode responses reinforce when they vary as 
cos 27 f,7, rather than cos 27 {f,7 + 4}. The positive crests of the mode responses 
are now the places of reinforcement, and the waveform consists of a series of 
positive peaks. Such a prediction is in agreement with the fact that the initial 
radiation pulse is almost entirely positive. The delay of approximately 6 us 
from the slope of the phase characteristics is in expected rough agreement with 
the pulse-rise time, showing that the positive peaks fit the reflection theory to 
a high degree of approximation, indicated by the closeness to true linearity of 
the phase characteristic. 


4.4. Modification for short-duration discharge 


Two current forms have been considered, and an interesting intermediate 
case is readily obtained by considering the Bruce and Golde discharge, which 
introduces new phenomena. The source characteristic is more complicated, and 
may initially be treated in two parts, each of which is almost linear. Above 10 ke/s 
the characteristic is very similar to that just considered, and below 10 ke/s it is 
linear, the slope indicating a delay of 30 ws, but for this region the intercept on 
the phase axis gives §,, = 1/4 as for the case of the idealized discharge. This leads 
to interesting conclusions regarding the positions on the mode responses of points 
which comply with the reflection-theory formulae. For tangents to the source 
characteristic, which touch at frequencies above 10 ke/s (f,, > 10 ke/s), the pre- 
ceding section has shown that positive maxima would be applicable. For lower 
frequencies, agreement is obtained when the traces cross the axis, going negative, 
and have a delay of about 30 us. Hitherto it has been the practice to measure 
the peaks throughout the waveforms, when wishing to ascribe such peaks to 
reflections. In the present instance the limitations of the method are revealed, 
and for waveforms in which the first-order modes are dominant, it is seen that 
errors in the high-reflection orders introduced by measuring peaks throughout 
a waveform can amount to a quarter-cycle, less the delay given by the low- 
frequency phase-characteristic slope. In the present case, correcting for the delay 
of positive peaks, this is 101 us (i.e. 125 — 30 + 6 ws). If the transition frequency 
of the phase characteristic is above 2 kc/s (as in the case considered), the final 
frequency of the first-mode response will be unmodified and reflection-theory 
analysis, based on early- and late-order crests, would give an incorrect range 
estimate. Ifthe positions of the peaks of high order could be determined sufficiently 
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accurately, or if the linearity of the phase characteristic were upheld to sufficiently 
high frequency, i.e. twice the cut-off value, so that the medium-order peaks were 
formed by frequency components within the range of the low-frequency linearity, 
then the later orders would be enough to give both distance and reflection height 
accurately. Calculation of the positions of the early-order crests, neglecting 
source effects, would place them before the actually observed positions with 
discrepancies of the order of 100 us. It is to be noted that the observed (HEPBURN 
and PIERCE, 1952) and predicted early-order discrepancies are not of the same 
sign and are of considerably different magnitude. It was assumed that no mistake 
was made in assessing the numbers of confused orders when analysing the dis- 
torted waveforms, but the evidence suggests that an error of one peak may be 
common, as this would resolve both difficulties of error in sign and magnitude 
and provide a reason for the earliest orders having greater separation than 
expected. 

In the cases where the source characteristic could adequately be represented 
by a linear relation over the whole effective spectrum, it was simple to deduce 
the final waveform, since the variation could be expressed as a constant delay 
for all frequencies. In the intermediate case, a frequency may be present with 
a given delay in one mode response, whilst its harmonics in other modes must be 
attributed different delays, since they are beyond the transition frequency. When 
the transition occurs well within the excited spectrum, the higher frequencies rein- 
force to give positive peaks, and the lower frequencies give double pulses. The 
result of combining the lowest-order mode responses then yields a waveform 
which starts as a series of fairly sharp positive peaks, gradually giving way to 
a more saw-tooth symmetrical trace. The high-order modes give positive peaks 
throughout the response, reinforcing the early peaks and the positive halves of 
the later double pulses. In this manner the transition from peaks of one sign 
to a more symmetrical trace can be appreciated. 


4.5. Extension to cases of imperfect boundaries 


Although the linearity of source characteristic is only approximate, a more 
serious defect is revealed when one considers variations of phase velocity, 
such as are produced by the presence of imperfectly conducting boundaries to 
the propagation region. The degeneracy of the modes is removed, modes of 
order +m having slightly different phase velocities. Frequencies in these modes 
can be propagated with velocities which are not the same as in the degenerate 
cases, but approximate to these at high mode orders. Oscillations in the lower- 
order mode responses occur increasingly later than their counterparts in the 
higher modes, and the responses are not now in harmonic relationship to each 
other, which produces a progressive modification of peak feature with increasing 
reflection order. 

Smooth-form reflection-type waveforms are particularly interesting, since 
they appear to be composed of only first-order mode responses (+1), which, in 
the absence of complete degeneracy, would be expected to show beat phenomena. 
BUDDEN (1951) has shown that mode orders 0 and —1 give comparable responses, 
which are greater than for higher-order modes, for reasonable ionospheric 
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conductivities, and it is conceivable that these are the two mode responses which 
interfere. 

The peak amplitudes have been observed to show analogous variations, 
though the subsidiary maxima do not occur at constant peak order, as would 
at first be expected. However, the problem is complicated by responses varying 
in direct and relative amplitudes in the two modes due to source and propagation 
phenomena—one mode response being attenuated more rapidly than the other. 

When the boundaries of the wave-guide are not perfectly conducting, the 
cut-off frequency is not sharply defined and considerable attenuation of near 
cut-off frequencies occurs as BUDDEN (1951) has shown, the effect being greater 
for the higher order modes. 


5. APPLICATIONS AND INTERPRETATION OF OBSERVED WAVEFORMS 


The overall picture of the propagation of the higher frequencies (above 2 kc/s) 
in the atmospheric waveform can now be presented, together with an indication 
of those factors which are understood and those for which even a general insight 
is awaited. 

At short range and whatever the conductivity, many mode responses are 
effective and give sharp discrete peaks, either single or double depending on the 
discharge. In the case of poor daytime conductivity, the responses are heavily 
attenuated near their respective cut-off frequencies, and since the waveforms 
tend to these limiting frequencies very rapidly for short-range observation, only 
the earliest peaks have noticeable amplitude. Under night conditions greater 
proportions of these near cut-off frequencies propagate, which results in larger 
later-order peaks and persistence to nearer the limiting repetition period. The 
higher-order mode responses are attenuated more rapidly than the lower ones 
as the observing range increases, and this attenuation is much greater during 
the day than at night. Absence of high-order mode responses causes the wave- 
forms to be more rounded, so that at medium range (1000 km) during the day 
the waveforms are smooth (devoid of harmonic content) and short (because of 
high attenuation near cut-off). At night much greater propagation paths (4000 km) 
are necessary for the removal of all but the fundamental, and this response persists 
until the limiting period is approached and the near cut-off period is maintained 
for many oscillations. At shorter range more harmonic components become 
effective, depending on range and the approximation to full night conditions. 
Source and propagation phenomena have been shown to be effective in producing 
modifications of peak shape. 


5.1. Orientation factor in propagation 


All that has been described so far may be explained by theoretical treatments 
already known, but considering the waveforms of distant origin to the south- 
west illustrates the inadequacy in these circumstances. HALEs has stated that a 
similar, smooth type of waveform can be explained as a first-order mode response 
of a wave-guide having perfectly conducting boundaries. (BUDDEN’s work suggests 
that it is possibly the result of the two nearly degenerate modes in the imperfectly 
conducting case.) However, the waveforms are quite different from those at 
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corresponding distances to the south-east in daytime, and, unless it is assumed 
that discharges to the south-west are deficient in the highest frequencies at 
the source, it appears very difficult to avoid the conclusion that these frequencies 
become attenuated during propagation, whilst the lower frequencies are less 
attenuated. The harmonic responses of the nighttime storms to the South-West 
are almost completely absent, and comparison with the smooth long-train forms 
shows that even this fundamental response is quite different, the persistance to 
a final period close to 500 ws being replaced by a sudden attenuation when the 
period approaches 250 us. 

The discrimination between regular and irregular smooth-type waveforms 
can be explained as a source effect, although the full propagation factors are not 
available. The waveforms are obviously single effective mode responses, even 
though the attenuation factors may be different from the case of propagation 
to the south-east. If the source phase-characteristic is linear, there is no cause 
for irregularities in the mode response, but if it is similar to that obtained for 
the Bruce and Golde current form it is possible that the first oscillations are 
governed by the high-frequency part of the source characteristic and subsequent 
oscillations by the lower-frequency part, the irregularity being produced by the 
readjustment between the two sequences. This is not noticeable in the presence 
of higher-order responses, and for the very distant smooth-reflection-type wave- 
forms it takes place gradually over several peak intervals, so that systematic 
errors are introduced when the waveform is analysed for source distance and 
reflection height. 

Plausible suggestions for the cause of this disparity of propagation factors 
at large range (beyond 1500 km) would appear to be the modifications and aniso- 
tropy of ionospheric conductivity produced by the presence of the earth’s magnetic 
field and differences in the conductivity of land and sea lower boundaries, giving 
effects which are of different form and magnitude from those produced by simple 
increase of distance alone, since the transition region has not been observed to 
show significant diurnal variation—the effects completely transcending the differ- 
ences in ionospheric layer conductivity. 


6. CONCLUSION 


The implications of different forms of discharge current in the lightning channel 
and the mode responses of an imperfectly conducting wave-guide have indicated 
anomalous time relations and variation of pulse shape in reflection-type wave- 
forms, whilst known propagation factors can explain the modifying influences 
of increasing distance and the diurnal variation. A pronounced directional effect 
is unexplained by the simple considerations, and the variation of the propagation 
characteristic appears to be associated with the presence of the earth’s magnetic 
field or propagation over land or sea areas. 

The amplitudes of successive peaks of the long-train waveforms have not 
been discussed, though it is obvious that the nonharmonic forms of the mode 
responses, as in the cases of certain source effects and appreciably finite ionosphere 
conductivity, produce mode reinforcement which is of a variable form rather 
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than the fixed feature for perfect conductivity. This variation will yield a peak- 
amplitude-peak-order relation which is considerably different from the simple 
form deduced geometrically, apart from the pulse-distortion correction which 
is the point of difficulty in the reflection-theory treatment. If a complete analysis, 
including the relative amplitudes of the mode responses, were able to illustrate 
an increase in peak amplitude with peak order over part of the waveform, the 
postulation of horizontal discharges would be unnecessary, since it has been 
indicated how the temporal deviations could be produced by different forms of 
discharge current in a vertical channel. 
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1. INTRODUCTION 


THE severe solar flare which oceurred about 0300 UT on 23 February 1956 was 
accompanied by ionospheric disturbances which could be detected even in the 
nighttime hemisphere. The purpose of this note is to report some observations 
made at the Ionosphere Research Laboratory, University Park, Pennsylvania 
(40° 49’ N; 77° 52’ W), on 75 ke/s pulsed transmissions at vertical incidence. 
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Fig. 1. Group heights at 75 ke/s, vertical incidence. 


The start of the visual flare was seen at 0334 UT at Tokyo (McKERRow, 1956). 
This corresponds to 2223 local mean solar time on 22 February at University Park. 


2. OBSERVED EFFECTS 
A. Group height 
Group heights were determined by standard photographic techniques to an 
accuracy of about +1 km. 
Our observations are shown in Fig. 1, from which it is apparent that no significant 
change in group height was noted within an hour before or after the onset of the 
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the Air Force Cambridge Research Center, Air Research and Development Command, under Contract No. 
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disturbance. The values recorded during the night did not show unusual scatter, 
and the large retardation around 0130 LMST has been observed on other occasions. 
The echo could not be observed after sunrise, as the echo amplitude then decreased 
to a value too low to be recorded by the group height equipment. 


B. Phase height 


The instrumentation utilized in obtaining phase height records is essentially that 
described by JonEs (1953). The radio frequencies under the ground-wave envelope 
initiate a phase-coherent oscillation which is used as the reference phase. By 
beating the sky-wave against this reference oscillator, an interference pattern is 
obtained, whose movements record changes of phase height. 

A portion of the actual record obtained during the night of 22-23 February is 
shown in Fig. 2. The lower set of parallel lines represents the interference fringes 
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Fig. 3. Phase of sky wave compared to ground wave, converted to change in height. 


from the ground-wave, the middle set represents those from the first hop sky-wave, 
and the upper set represents the fringes from the second hop sky-wave. The 
horizontal line in the sky-wave is drawn parallel to the lines of the ground-wave 
pattern. If the effective phase height is decreasing, the “fringe” pattern of the sky- 
wave will appear as in this figure. Shortly after the onset of the disturbance the 
absorption had increased sufficiently to cause the disappearance of the second hop. 

Fig. 3 shows the phase height record on the same night in its scaled form. It 
indicates a rather rapid decrease of about 8 km beginning at 2238 (+3) LMST and 
lasting approximately an hour. The fall was not abrupt and consequently the 
precise time of commencement is uncertain to within three minutes. The phase 
height recovered gradually until just before 0500 LMST, when a more rapid rate of 
recovery was indicated. It reached the February average a few minutes before 
0600 LMST and remained essentially at the same height until 0634 LMST, when the 
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record faded out completely. It is interesting to note here that ground sunrise 
occurred at 0650 LMST. Between 0500 and 0600 LMST the sky-wave was subject 
to some splitting, which may have reduced the accuracy of the scaling. Because 
the equipment measures only changes in phase height, it is impossible to compare 
with a fixed reference level. Thus, the record of 22-23 February is located so as to 
place the maximum relative phase height just below the monthly average. The 
unusual drop in phase height is then clearly evident. 


C. Absorption 

The absorption of radio waves can be calculated from the amplitude of the sky- 
wave, with suitable calibration of the equipment. Using a crossed loop antenna 
system in conjunction with a mode-selecting device, the amplitude of the circularly 
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Fig. 4. Absorption of the ordinary mode of the sky wave. 





polarized ‘‘ordinary”’ component of the downcoming sky-wave is measured. ‘‘Ordin- 
ary’ here signifies the circularly polarized component whose electric vector rotates 
from east into north. The observations are shown in Fig. 4. During the early part of 
the night, the absorption index was about $ neper lower than the average value for 
February. Shortly after 2230 LMST, however, a rapid increase of about 14 nepers 
occurred, and the absorption remained about 2 nepers above the monthly average 
for several hours, not returning to normal until about 0400 LMST. Near sunrise an 
unusually rapid rise in the absorption of the sky-wave was observed. The absorption 
throughout the rest of the day was beyond the instrumental range of 4 nepers, but 
returned approximately to normal the following night and day. 


3. OUTSTANDING FEATURES OF THE ABOVE OBSERVATIONS 
1. The large increase in absorption which occurred approximately 15 min after 
visual observation of the solar event. That such an increase should occur at all is 
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most remarkable when one considers that the reflection region was far removed 
from the solar radiation field. 

2. The concurrent drop in phase height while the group height apparently 
remained unchanged. Both group and phase height equipment were recording the 
signal from the same loop antenna during the flare. Hence, neither polarization nor 
space separation effects can affect the interpretation. One possible explanation of 
these seemingly divergent facts is a lowering of the reflection height with a simul- 
taneous increase in ionization below this point. However, neither of these possibili- 
ties could, by itself, serve to explain these observations. 

3. The unusually rapid increase in absorption preceding ground sunrise. This 
caused the disappearance of the sky-wave in the group and phase height records at 
a time when the amplitude of this wave is almost always quite large. 

4. The rapid increase in phase height beginning about 0500 LMST. 
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Abstract—Both height and time variations of the effective recombination coefficient at night for the 
lower ionosphere are obtained from ionospheric data involving the use of radio waves over a wide range 
of frequencies. The experimental data used include measurements on ionospheric absorption at 18-3 Mc/s 
and 150 ke/s; hourly values of the night-time H-region critical frequencies for Watheroo, phase height 
observation at 16 ke/s, and virtual height measurements at 50 kc/s and 150 kc/s. It is found that 
although at levels near 80 km the effective recombination coefficient increases appreciably immediately 
after sunset, at higher levels the coefficient decreases. There are both height and time variations of the 
coefficient. 

Theoretical interpretation of these results is based on the idea, recently put forward by NICOLET, 
that an appreciable number of atomic ions of low ionization potential exist in the lower ionosphere. 
While the positive molecular ions disappear rapidly through dissociative recombination with electrons, 
the positive atomic ions disappear very slowly. 


1. INTRODUCTION 


In an earlier work by the author and Jones (1954), results of a detailed 
investigation on the effective recombination coefficient in the lower ionosphere 
for daytime conditions have been reported. It has been shown in this work that the 
experimentally deduced values of the recombination coefficient are consistent 
with the hypothesis of dissociative recombination predominating above 90 km, 
and recombination proceeding mainly through negative ions below 80 km. Values 
of the effective recombination coefficient during sudden ionospheric disturbances 
were also discussed. For night-time conditions, certain values at 80- and 90-km 
heights were indicated, but no detailed attempt was made to understand the 
nocturnal recombination processes. 

The problem of recombination at night must be fundamentally different from 
that during the day. While there are indications that the effective recombination 
coefficients at night for levels around 80 km are increased, the coefficients near 
the E peak decrease considerably. For the latter, night-time values of the order 
of 10-* cm?/s have been quoted by various authors. 

In this work we report the results of a detailed examination of the night-time 
variation of a wide variety of experimental parameters, all involving the lower 
ionospheric ionization. It is shown that the night-time effective recombination 
coefficient not only varies with height, but also with time, and that, excepting at 
levels near 80 km, the nocturnal coefficient is consistently smaller than the 
corresponding daytime coefficient. 
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2. EXPERIMENTAL ANALYSIS 
Experimental analyses covered in this work refer to the following: 


(I) Hourly values of the night-time H-region critical frequency, f,#, for a 
complete year (August 1938—July 1939) for the station at Watheroo. These values 
were obtained by Dr. NicoLet through the courtesy of the Carnegie Institution 
of Washington. 

(II) Ionospheric absorption using 18-3 Mc/s cosmic radio noise as reported 
by Mirra and SHArn (1953). 

(III) Ionospheric absorption at 150 kc/s as measured at The Pennsylvania 
State University and reported earlier by BENNER (1951). 

(IV) Phase-height observations at Cambridge as obtained by BRACEWELL 
et al. (1951). 

(V) Virtual height measurements at 50 kc/s obtained by Warts and Brown, 
using vertical incidence pulse transmissions at Sterling, Virginia, for the period 
January 1950 till April 1950. These data have been kindly supplied to the author 
by Mr. Warts of the Central Radio Propagation Laboratory of the National 
Bureau of Standards, Boulder, Colorado. 

(VI) Virtual height measurements at 150 kc/s obtained at The Pennsylvania 
State University and reported earlier by LinpQuisT (1953). 

These measurements, made at different frequencies, refer to different levels 
of the ionosphere, and it was thought that by analysing these observations at 
different times of the night, it might be possible,to follow the variation of the 
effective recombination coefficient with height as well as with the time of night. 
The equation to be used is: 


i ad ga 


_— —a(h,t)n,?(h,t) (1) 
where n, is the electron density and « the effective recombination coefficient. 

Of these, only analysis of (I) is straightforward. The others require previous 
knowledge of the D-region ionization densities, and, as in the case of height 
parameters, also the shape of the electron density distribution in the lower 
ionosphere. 

Even before analysing the data, certain significant features, strikingly similar 
in all these observations, were apparent in the annual average curves (Fig. 1). 
These may be summarized as follows: 


(i) There is a very rapid variation immediately after sunset. 
(ii) After the initial rapid variation, the parameter changes very slowly and 
stabilizes to a more or less constant value around midnight. 
(iii) After about 0200, long before layer sunrise, there is a reversal in the 
direction of the variation, showing an increase in electron density and absorption, 
and a decrease in certain height parameters. 


The later effect cannot be explained by recombination alone and shows that 
an equation of the type (1) is not always valid. It has been shown by PEIFFER 
and Mirra (1955) that this effect may be caused by a vertical electron drift, 
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Fig. l(a). Annual averages of H-region maximum electron density (from data supplied 
by Caruegie Institution of Washington) and of absorption at 150 kc/s (BENNER) and 
18-3 Mc/s (Mirra and SHaIry). 
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Fig. 1(b). Average variations of phase heights at 16 ke/s (BRACEWELL et al.) and 150 ke/s 
(JonEs, 1955), and group heights at 50 ke/s (Watts and Brown) and 150 ke/s (Lrypqutst). 
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reversing in direction a little after midnight. For hours before midnight, the 
apparent recombination coefficient, determined by equation (1), will decrease 
for a downward drift and increase for an upward drift. It is necessary to see how 
large these effects are likely to be. 

Consider the equation: 


7] 
5,(”r) (2) 
where the second term on the right-hand side describes the effect of the vertical 


transport velocity, v, on the decay of the electron density at any level. 
Let us concentrate, for simplicity, on the level of maximum ionization. Then 


= —an,? + 


Ov 
m a> (3) 


~= —an,? +n 


If the transport velocity, v, has a vertical gradient given by 


then 


% a (5) 


app ~— 


Thus the “apparent” recombination coefficient, under the circumstances where 
both recombination and transport phenomena are operative, is the algebraic 
sum of the effective recombination coefficient « and a term due to vertical trans- 


d 
port, namely 2 . For a drift velocity of 1 km/hr, an electron density of 


m 


5 x 108/em and 


ew 10-* km}, 


rw 6 X 10-19 em3/s. 


This is a very small quantity, and becomes comparable to « only after midnight 
when « falls to very low values. Hence, for determinations before midnight, use 
of equation (1) will not introduce appreciable errors. 

It is also possible to determine the values of vy and « for hours after midnight 
(PEIFFER and Mirra, 1955) for any of the observed parameters. This can 
be done by comparing the values of the parameter on both sides of the time 
reversal. For the f,# observations at Watheroo such a procedure yields a vertical 
drift of amplitude 1 km/hr and an effective recombination coefficient in the range 


10-%10-"! cm/s. 
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2.1. Recombination coefficient at night from f,E values observed at Watheroo 

Determination of the effective recombination coefficient from f,# is straight- 
forward and involves the direct application of equation (1). From the annual - 
average of f,# values at Watheroo, the effective recombination coefficient is 
found to have the daytime, large, value of 10-* cm?/s for the first hours after 
sunset, and then to fall rapidly to low values around 10-° cm/s. If we add to 
this the information obtained by PrtrrerR and Mirra for hours at and 
after 0200, it would appear that low values of « persist till the time of layer sunrise. 
In Fig. 2, the effective recombination coefficient thus obtained is plotted against 
time measured from the time of layer sunset. 
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1 2 
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Fig. 2. Recombination coefficient at night obtain from f,H observations at Watheroo. 


2.2. Recombination coefficient at night from ionospheric absorption measurements 

Our analysis will cover effective recombination coefficients deduced from the 
measurement of ionospheric absorption by means of cosmic radio noise at 18-3 Mc/s, 
reported by Mirra and Swain (1953), and those at 150 ke/s obtained by 
conventional pulse techniques as reported by BENNER (1951). In the latter case, 
the sunset and the post-sunset values include contributions from both the D 
‘and E regions which decay according to the coefficients «p and a,, respectively, 
and since «p is much larger than a,, the D-region contribution becomes negligible 
a few hours after layer sunset. 

This fortunate circumstance enables us to separate the night-time variations 
of the two sources of the total absorption. In the case of the 18-3 Mc/s absorption, 
the referenced authors found that the measured absorption was partly due to 
region F2 and partly to region D. A method was developed to separate the 


* Later work (A. P. Mirra, 1955) appears to indicate that about one-third of the total absorption 
may be attributed to region E. 
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individual contributions of the two regions. It was observed that absorption 
attributed to region D, which is of interest in the present work, persisted until 
sometime after sunset. Although it is by no means certain that this absorption 
contains no contribution from region F,* the effective recombination coefficient 
appropriate to this variation has been determined. 

Neither the absorption by region D nor that by region £ is a single-level effect. 
However, particularly for region D, maximum absorption is concentrated in a 
narrow strip of height h, for which our analysis applies. We can, therefore, write 
for this level 

A(t) = Gn,(h,t) (6) 
where A(t) is the measured absorption for any region at any time t, G is a constant 
of proportionality, and n,(h,t) is the value of the electron density at the level h 
at any time ¢t. Hence, the recombination coefficient « may be obtained from the 
relation 

1 ] at 

A(t) 4,*° G 
where A, is the value of the absorption at sunset. The constant G may be obtained 
from the noontime relation: 


(7) 


boys ca G(N.)noon 


Using the above expressions, and assuming that (n,),,o, in the D region is about 
700/cm’ on the average, the results given in Table 1 have been obtained. 


Table 1. Values of « deduced from absorption measurements 





D region E region 


Type of observation 


Values of | Appr. height| Values of | Appr. height 
a (em3/s) (km) a (cm/s) (km) 


18-3 Mc/s cosmic-noise experiments x 10-6 80 


150 ke/s absorption bx 19-4 80 x 1o* 100 





The smaller value obtained from the cosmic-noise measurement is presumably 
due to some #-region contamination remaining in the relevant component in 
the absorption. 

2.3. Recombination coefficient at night from ionospheric height parameters 

There have been several measurements in recent years of the equivalent heights 
of reflection of various low-frequency radio waves using both pulse transmissions 
and continuous waves. Neither the group height nor the phase height is the same 
as the “true” height of reflection, but in the present work we shall consider their 
variations to be the same as those in true height. 

The determination of the effective recombination coefficient from height 
parameters is, in principle, indirect. Each variation in a height measurement 
represents the change in height of a level of constant electron density. The 
variations in the height of reflection, therefore, depends not only on the effective 
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recombination coefficient appropriate to these heights, but also on the height 
gradient of the electron density at and near these heights. Determination of 
« from the variation in reflection height, therefore, requires an advance knowledge 
of the sunset distribution of electron density in the region. 

An approximate electron density distribution for the lower ionosphere for 
sunset conditions may be obtained from experimental data available in the 
literature. At'sunset, the height of reflection of 16 kc/s radio waves is about 
86 km (BRACEWELL et al., 1951); and the electron density required for reflection 
at this frequency must be about 280/em*. At 50 ke/s, group height measurements 
by Warts and Brown (private communication) yield, for sunset conditions, an 
average height of 92km where the electron density must be about 960/cm°. 
With a correction of 1 km for group delay, the appropriate height becomes 91 km. 
The average group height corresponding to the “‘main”’ reflection level at 150 ke/s 
is 98km. For a group delay of 1 km, the true height becomes 97 km and the 
corresponding electron density is 3 x 103/em%. Finally, the sunset observations 
of NV, at Watheroo yield an average sunset value of 4 x 104/cm* at about 110 km. 
By using these values it is possible to have a working model of the electron density 
distribution for the lower ionosphere for sunset conditions. This model is shown 
by the solid curve in Fig. 3. 





Sunset condition 














Electron density cm-3 


Fig. 3. Sunset model for the distribution of electron density in the lower ionosphere. 


Additional information on the sunset electron density distribution in the lower 
ionosphere is also available in the literature. Thus, JonEs has given a model 
for the electron density distribution for region EL, based primarily on his measure- 
ments of the phase height at 150 ke/s, appropriate to different values of the sular 
zenith angle 7. The model for 7 = 90° (with revised height scale) is shown in 
Fig. 3. The model, it should be noted, has been lowered somewhat from the levels 
originally assigned by JONES, in order to obtain a fit near the 3000/cm® level. 
For the D region, Mirra (1954) has given a distribution from theoretical 
considerations involving the photo-ionization of NO. However, this distribution 
is given not in actual electron densities, but as a ratio of [n,(h)/(”,)max]. The 
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value of (7,)nx must be chosen from other considerations. In Fig. 3 we have 
shown a D model of the type given by Mirra, in which the actual values of n, 


have been computed on the basis of 
(7%) max == 3X 103/cm® 
MiTRA, 1955). The combined Mitra-Jones model, shown in full lines of Fig. 3, 


fits the experimental data quite satisfactorily. 
Once the sunset electron distribution is known, it is possible to determine the 


values of the effective recombination coefficient from the variation in the various 
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Fig. 4. Effect of sunset electron density models on the determination of « 
(heights in km). 


experimental height parameters. However, since these factors cannot be con- 
sidered to be as reliably known as might be desired at present, it is necessary to 
investigate the effect of a change in the sunset electron density model on the values 
of « so determined. It will be shown below that this effect is, in general, not 
serious. 

Fig. 4 gives an example, in which the variation of the “main”’ reflection height 
for 150 ke/s radio waves has been considered. Three widely different models for 
the sunset electron distribution in the E region have been used. No. 1 is the Jones 
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Fig. 5. Night-time variation of « obtained from various ionospheric height data. 
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Fig. 6. Observational values of the effective recombination coefficient as a function of 
height at various hours after sunset. 
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model. No. 2 is a hypothetical model with a very steep gradient of ionization. 
No. 3 is a very “‘flat’’ ionization distribution. The distributions 2 and 3 are obvi- 
ously unrealistic and are only used to obtain extreme departures of the values. 

Consider a total change of 7 km in reflection height over the entire night for 
150 ke/s radio waves; this is the order of height variation observed at this 
frequency. For a height variation of this order, the three widely different models 
give, for the effective recombination coefficient, the values 8 x 10-9, 9 x 10-9, 
and 4 x 10-* cm/s, corresponding to the models 1, 2, and 3, respectively. It will 
be noted that the values of the coefficient are not much different even though the 
models used are so unlike. It has also been found that, for a parabolic layer with 
an electron concentration of 3  103/em* at 97 km, a maximum electron con- 
centration of 4 x 104/cm® and a scale height of 10 km, the height of reflection at 
150 ke/s varies by 7 km over the entire night for a recombination coefficient of 
8 x 10-* cm/s; again a similar value. We thus conclude that the determination 
of « from the various ionospheric height variations using any of the distributions 
given in Fig. 3 will be reliable. 

The averaged height parameters for which analyses are made are shown in 
Fig. 1(b), and the values of « determined from these height variations are given in 
Fig. 5. In all these measurements, the effective recombination coefficient is large 
at sunset. The coefficients decrease thereafter, reaching a value of the order of 
10-° em3/s after midnight. 

It is instructive to plot the various values of « obtained in this work as a 
function of height for different times of the night. This is done in Fig. 6. Heights 
are assigned to the different parameters in accordance with the values given in 
Fig. 5, with appropriate corrections. For £#,,,, a constant height of 110 km has 
been assumed throughout the night. For comparison, the distribution of the 
effective recombination coefficient for daytime conditions is also shown. It will 
be noted that, at any time, the value of the coefficient decreases with increasing 
height. 

3. Discussion 

In the lower ionosphere during daytime the most potent sources of electron 
removal are: (i) dissociative recombination of molecular ions and (ii) reeombina- 
tion processes involving negative ions (BATES and Massry, 1951), the former 
being the predominant process above 90 km and the latter below 80 km (Mirra 
and Jongs, 1954). In the first, given by 


YZ++e—Y’'+2’ 


the coefficient «, is large and may range between 10-6 and 10~* cm/s, depending 
on the nature of YZ+. The negative ion processes involve the attachment of 
electrons to neutral particles which then disappear through a process of collisional 
detachment and ionic recombination. 

At night, « changes due to a change in the value of /, the negative ion to 
electron ratio, in the equation 


1 n(YZ+) 


sie +i ~—% nr " 
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the change in / being of the amount 

> Km, + p + a,(1 + A) 
DK ,n, + a(1 + a) 

where K, is the coefficient of collisional detachment involving particles on the 

concentrations 1, 


A(night) 
A(day) 


’ 


p is the coefficient of photodetachment, 
a, is the coefficient of mutual neutralization. 


For the simple case, where >,K,n, > «,(1 + A), Mirra and JONES (1954) 
have predicted the nature of the increase of A at night for various heights 
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Fig. 7. Experimental and theoretical variations of (mmax)E at night. 


in the lower ionosphere. For a height of 80 km they give a theoretical increase 
of « from 2-4 x 10~-* cm$/s during the day to 6-5 x 10-7 cm/s at night. 

Comparison with the experimental results given in Section 2 shows that, while 
an increase in the effective recombination coefficient is, in fact, observed around 
80 km in going from day to night, there is a decrease in the effective recombination 
coefficient near 90 km and above. The latter result is inconsistent with the above 
hypothesis. 


NicoLet has recently indicated the possible existence of an appreciable 
number of meteoric ions in the # region and has discussed the effect of such ions 
on the night-time variation of the # region ionization (NICOLET, 1954). The presence 
of such ions, or any other ions of sufficiently low ionization potential which will not 
transfer charges to the molecules YZ, will inhibit recombination, since these 
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positive atomic ions (say, X*) will either proceed through direct radiative re- 
combination (the coefficient of which cannot be much larger than 10-1 cm?/s) 
or through negative ions. At levels where / is small, the concentration of ions 
will remain appreciably constant throughout the night, while n( Y Z*) will decrease 
rapidly with a coefficient equal to the dissociative recombination coefficient, 
which is of the order of 10-8 cm/s. 

An example is shown in Fig. 7. This figure shows that (n,,,,)H# attains a 
constant value around midnight of about 6-4 x 103/cm* at a height of about 
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Fig. 8. Equilibrium time for negative ions in the lower ionosphere. 
Final model of night time « in the lower ionosphere, obtained from both theoretical 
and experimental considerations. 


110-115 km. This then must be the value of n(X*) (or, if negative ions are present, 
n(X +) m : . ; : - 
Tie With this value of n(X+) and with «a, = 3 « 10-8 cm/s and 1-7 x 
10-8 cm?/s, theoretical variations of (n,,,,)H at night have been computed. These 
are shown in Fig. 7 by the dotted curves. The close relationship is satisfactory. 

In general, there will be negative ions in addition to electrons and positive 
ions. In a companion paper (Part IT) it is shown how the concentrations of these 
various ions may be determined from observational results. With these values, 
one may obtain a physically consistent model of the nocturnal recombination 
coefficient in the lower ionosphere, with the help of the equation (9). 


The results of such calculations are given in Fig. 8. 
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Abstract—In Part I of this paper we have discussed the nature of the night-time variation of certain 
ionospheric parameters, such as height, electron density, and absorption at frequencies in the range 16 
ke/s—18-3 Mc/s, and have deduced the time and height variations of the (effective) coefficient of recom- 
bination in the ionosphere at night for heights in the range 80-110 km. In this paper, we deduce from the 
observational results presented in Part I, the distributions of various positive and negative ions and of 
electrons in the lower ionosphere at night. The positive ions are the atomic ions X*+, which are only pre- 
dominant at night, and the molecular ions YZ+ that control the daytime ionization. It is found that the 
concentration of X+ increases from a negligible value at about 87 km to about 7 x 108/em’ at 110 km. 
Since such ions recombine with a very small coefficient, their concentrations do not appreciably alter 
during the entire night. While the concentration of negative ions decreases with the progress of the night, 
the ratio of the concentration of negative ions and electrons remains constant. There is, however, a 
rapid fall of this ratio from 80 to 110 km by a factor of about 7 x 10-4. 


1. INTRODUCTION 


In the preceding paper (Part I) we have reported the results of a detailed exami- 
nation of the night-time variation of a wide variety of experimental parameters, 
covering a frequency range of 16 kc/s to 18-3 Me/s. It has been found that the total 
ionization at all levels in the lower ionosphere assumes an approximately constant 
value, after decreasing rapidly for a few hours following sunset. The resultant 
effect is a great decrease in the value of the effective recombination coefficient from 
that at daytime for heights above 90 km, except at and around 80 km, where there 
is an increase in the coefficient. The latter result indicates the presence of an 
appreciable number of negative ions at and around 80 km (Mirra and JoNEs, 
1954), the concentration of which may be derived if a suitable assumption is made 
regarding the value of the coefficient of mutual neutralization. The former has 
been attributed in Part I to the presence of an appreciable number of atomic ions 
of low ionization potential so that no charge transfer to the molecular ions occurs. 

The night-time ionization in the height range 80-100 km must then consist of: 
(i) positive molecular ions YZ*+, the coefficient of recombination of which is of the 
order of 10-8 cm/s, (ii) atomic ions of low ionization potential, X™*, (iii) electrons, 
and (iv) negative ions, O- and O,~. It is the purpose of this paper to deduce the 
distributions of these different ions and their variations with the progress of the 
night. 
It is necessary to assume, in these deductions, a reference model for the electron 
concentration at sunset. The one assumed here is partly empirical and partly 
theoretical. No, other major assumptions are made. So far as the electron con- 
centration is concerned, its distribution at any time at night may be determined 
directly from the observations. Concentrations of the other ions cannot, however, 
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be determined directly. In such cases, the final determination has involved several 
component steps. In doing so, a certain amount of error must have crept in. It is, 
however, believed that the general trends of the distributions are not appreciably 
affected by these errors. 

The observations used for the present analysis have been made at different 
times by different workers at different places. Most of these, however, refer to 
stations at middle latitudes and, excepting those at 16 kc/s on “‘apparent”’ height, 
are annual averages. The ionization distributions may, therefore, be considered as 
representing annual averages for stations in middle latitudes 

Of particular significance among our deductions are those regarding atomic ions 
and the negative ions. The possibility of metallic ions being infused into the atmo- 
sphere has sometimes been suggested, and NicoLeT (1954), in particular, has 
indicated how the presence of such ions may alter the whole nature of the night- 
time ionization. From a more limited analysis of ionospheric data than that 
covered here he has concluded that the rate of production of these ions at # peak is 
about 1 electron per cm® per sec. We shall determine the concentrations of these 
ions at all heights in the range 80-110 km. Since the recombination coefficient of 
these ions is only about 10-1! cm/s, their distribution will not appreciably alter 
during the night. 

We shall also show that while the concentration of negative ions at night 
decreases with time, the ratio, A, of negative ions to electrons remains constant. 
The height distribution of negative ions shows a maximum around 100 km, with 
low values at 110 km. At the peak, the night-time concentration on the average is 
about 1-5 x 10%/cm%. 

2. THEORETICAL CONSIDERATIONS 

Let n,, n-, n(X*) and n(YZ+) denote, respectively, the concentrations of 
electrons, negative ions, and of the positive ions of X and YZ. Further, let £, be the 
coefficient of attachment of an electron with a neutral constituent whose concen- 
tration is n,, K, the coefficient controlling detachment of electrons from negative 
ions by collision with neutral particles of concentration n,, and let «; and «, be the 
coefficients of mutual neutralization and dissociative recombination, respectively. 
Then we may write: 

dn- : . 
-=n,> Bn, — > Kyn-n, — an-(YZ*) 
dt z F 
—a,n,2*(1 + 4) — > Bonn, + > Kynn- 
r t 


dn(X*) 


dt 
= —a,n(YZt)n 


dn(YZ*) 
dt 
n+ = n(X+) + n(YZt+) =n, + n- = 7n,(1 + A) 


— an-n( YZt) 


e 


From these equations, we obtain the following useful relationships: 
1 n(YZ*) P 
“= - 1Qq + Aa, 


1+A nn, 
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a 
dt + A (>, Kn; sa a,2,) + A > Kin; ee > Bn, 
v v r 


— “2, + an(YZ*)| re Z BN, = 0 (7) 


These equations completely specify the nature of the variation at night of the 
various positive and negative ions and of electrons. 

Now, the attachment coefficient 8 for oxygen molecules is 1-5 <x 16-15 cm3/sec 
(Bionp1, 1951) and for oxygen atoms probably ranges between 10-15 and 10-16 
cm/s. Values of $ K,n,; and > 8,n, are, therefore, comparable. 

t i 





I- 6 )=10 °cm ec, KO)=102cm¥%ec | 
| 1-8 = *crisec, KO) =10 “cm/sec 
\m—s O=10 “crrfsec, KO =10 cr4ssec 


2 v-5 = ScrrPsec, KO) =10 cm/sec. 
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Fig. 1. Equilibrium time for negative ions in the lower ionosphere. 





One may, however, ignore «,n(YZ+) in comparison to f, and K,, since, for 
values of «, ranging between 10-7 and 10-8 cm3/s, «,n(YZ+) does not exceed 
4 x 10-%/s at any level in the height range 80-120 km at any hour of the night 
(excepting perhaps for a few hours after sunset for the highest levels) and is 
generally much less. The term («,n,) may likewise be ignored. 


” 
We then have + (2 Ky)? + (2 Kin; — > Bn,)A — > Bn, = 0 


the solution of which is 
z B,n, 4 —(> Kin; + > B,n,)t} 


r 


ey SDS 
a. Kun: 
La HEM 
’ = , : Kin, - > B,n,)t} 
; i r 





A 








The equilibrium time for 4 may consequently be defined by 
T= (2 Kn, + > B,n,)* (9) 
The values of + for different heights are plotted in Fig. 1 for > K,n; = K(O)n(O) 


v 
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and S f,n, = 6(O)n(O) + B(O,)n(O,). For both AK(O) and £(O) two values have 


been assumed, namely 10-15 cm3/s and 10716 cm/s. It will be noted that below 
about 90 km the equilibrium time for negative ions is less than a minute; between 
80 and 100 km it is of the order of a few minutes. Above 100 km, the equilibrium 
time may have appreciably larger values for low values of A(O) and A(O), but, at 
these heights, the negative ion concentration is small, and is of little significance. 
We are, therefore, permitted to consider the equilibrium equation for / in measure- 
ments of the recombination coefficient with records of one hour duration or more. 
Hence, the night-time variations of A will be given by 


A == > B,n,/> K in, (10) 


Equation (10) indicates that, at any height, 2 must be constant (with time) at night. 


3. ELECTRON REMOVAL RATES AT NIGHT IN THE LOWER IONOSPHERE 


In Part I of this work we have shown how certain approximate estimates of 
the electron removal rates at various levels of the lower ionosphere may be deter- 
mined for various times of the night. Now, these results are based on estimates 
made at only a few heights, and interpolation was necessary to obtain the distribu- 
tions. It is, however, possible to improve the distributions by using equation (6), 
in which «,, Ax,, and oe) 
proceed to do. Me 

Consider the decay of the positive molecular ions during the night (equation 4). 


are estimated from observational data. This we now 


If we consider a short interval of time over which n~ is sensibly constant, and 


n(YZt) 


describe - by the symbol /’, then the solution of equation (4), subject to the 


n, 


sunset conditions, is given by 
—Bt 


ae a i + A )f: & iy’ nm € ; | 
A,’ \1 + Aaja, ae n(X+) &(t) 


where the subscript, s, refers to the values at sunset, and 


B = agn(Xt) + (a, 


oro a, )n— 


n-(a, — a) Bs Bt (13) 
m(X*)(%, + Ax,)B 


Now, it will be shown later (Sections 4.2 and 4.3) how one may estimate values 
of «,, Ax,, n(X*), and n~ from the observational data considered in this work. With 
these data it is possible to compute values for 4’ and hence for « through equation 
(6). However, it should be noted that equation (11) is only valid for constant n-, 
while, in the actual case, n~ must decrease with time at night. A process of succes- 
sive approximation has, therefore, been used. The approximation procedure is 
continued, hour by hour, for eight hours after ionospheric sunset. This has been 
done separately for the heights 88, 90, 95, 100, 105, 110, and 115 km. From these 
the final models giving the variations of the night-time « have been derived. These 
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are shown in Fig. 8 of Part I. They compare very well with values deduced 
directly from experimental data. In what follows we shall use these semi-empirical 
curves in preference to those obtained more directly. 


4. DISTRIBUTIONS OF ELECTRONS AND OF VARIOUS 
POSITIVE AND NEGATIVE IONS 


The various ionic components whose distributions it is our object to deduce in 


this work are: 

1. Electrons, 

2. Positive atomic ions, Xt, 

3. Positive molecular ions, YZ+, and 

4. Negative ions. 

In estimating the densities of these various ions in the lower ionosphere, we 
shall use the experimental data reported in Part I of this work, which include 
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Fig. 2. Variation of the night-time electron density in the lower ionosphere. 


measurements on ionospheric absorption at 18-3 Mc/s and 150 ke/s, hourly values 
of the night-time F region critical frequencies for Watheroo, phase height observa- 
tions at 16 kc/s, and virtual height measurements at 50 kc/s and 150 ke/s. Detailed 
information on the night-time variations of these parameters is given in Part I, 
in which is also given a model of the sunset electron density distribution consistent 
with these data and with the known physical characteristics of this region. This 
distribution is our starting-point. From this we will first derive the sunset dis- 
tributions of n(X+), n(YZ*+), and n-; and then the subsequent variations of these 


quantities as night progresses. 
4.1. Distribution of electrons 


The distribution of electrons in the lower ionosphere at sunset is our starting- 
point. At any subsequent time ¢, the electron density at a height h/ is given by the 


relationship 


n,¥(ht) = mh) + a(h,tyt; (14) 


values of «(h,t) appearing in this expression have been taken from Section 3. 
The resultant distributions of the electron density are shown in Fig. 2. 
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4.2 Distribution of negative ions 
Since the nocturnal ‘value of A at any height does not appreciably change over 
the night, it is sufficient to estimate the distribution of A at any one time. We 
estimate the sunset values in the following. At this time the various positive and 
negative ions are related by the equation 
n(Y¥Z*) n,(X*) 


=144-— 
Ne Nge 


Substituting this equation in equation (6), and rearranging, we obtain 
( n,(X*) )| 
: ah) 1 
(1 — eae , 
Values of 4,1, may be estimated from the values of «, deduced with the help of this 


ee n,(X*) 
equation if values of — and a, are known. 


a 


+ A, 


Values for the former may be obtained from the minimum (and approximately 
constant) values to which the observed height and ionization parameters asympto- 
matically approach at late night hours (see Figs. 1(a), 1(b) in Part I). These constant 
values have been interpreted in Part I as being due to the solitary presence at these 
times of the ion X+, YZ*+ having rapidly decreased with its large recombination 
coefficient. Under this hypothesis, the electron densities corresponding to these 
constant values, {n,}., are given by 


— 16 
1+A am 


= 
a 


. . n( X74 
We may, therefore, derive the values of < Da those of the electron 
‘ +A 


density appropriate to the time of constancy of the experimental parameter 
involved. The height variation of this quantity is obtained by using experimental 
data at different frequencies. The results of such analyses are given in the Table 1. 


(X*+) 
— at different heights 


7 
Table 1. Values of ; 





, . n(X*) 
Experimental Frequency [n.]. = —— 
: l+aA 
parameter (ke/s) . 
per cm 


Phase height 

Group height 

Group height (main 
reflection) 
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To obtain values of «, we remember that, at 100 km and above, the value of 
A,x,; must be close to zero, so that at these heights 


a,/ [1 e | re 0 (17) 
: (l+4)n,J 


Computations show that, at these levels, the values of the left-hand side level off 
to the minimum value of about 1 x 10-8 cm/s. This, then, must be the value of 
a,. One may also note here that the daytime recombination coefficient is of this 
order and is consistent with the microwave values of the dissociative recombina- 


n(X*) 


tion coefficient of several molecules. With these values of > 


Ta and a,, we may 


now obtain values of 4,x; through equation (15). These values are shown in Fig. 3. 
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Fig. 3. Height distribution of j,x,; estimated from experimental data. 


It is now necessary to make a few remarks about the accuracies of these esti- 
n(X*) 

ee ee 
independent of the assumed sunset electron density model. For these levels, 
therefore, the uncertainties in the values of A,x; are small. Values above 100 km 


c+ 
are also reliable, because here ( nae rapidly decreases to a small value (less than 
I se 
0-2 at 105-110 km). However, values of A,«, between the heights 85 and 100 km 
depend, to a very large extent, on the assumed electron density model and should, 
therefore, be considered with some reserve. 

So far we have determined the values of the parameter /,;, which does not 
directly give the densities of the negative ions. One has to assume a value for the 
mutual neutralization coefficient «;. In recent years experimental results have been 
obtained confirming the earlier theoretical estimates of BaTEs and Massgy (1951) 
for the coefficient of two-body recombination between positive and negative ions; 


mated values. Below about 87 km, 0, and determination of A/,«, is 
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which is the important neutralization process for pressures of the order 1 mm or less. 
The experimental value has been reported by Youne and Sayers (1954) from 
observations of the decay of ion density in an airglow using ionic probe methods. 
It was found that over a pressure range of 0-01 to 1-0 mm of Hg the ion-ion recom- 
bination coefficient is 8 x 10-8 cm%/s for an ion temperature of about 300°K. These 
results refer to iodine. 

For oxygen (O+ + O-) no experimental result is as yet available, but the 
results on iodine indicate that the theoretical estimates for oxygen are not likely 
to be seriously in error. In this work we have used a value of 5 x 10-8 cm/s 
for this coefficient. If, subsequently, a different value is obtained for this coefficient, 


5 x 10-8 
one need only multiply the values of 4 given here by to obtain the 
% i Jobs 
necessary revision. 
With this value of «, and using the electron density curves given in Fig. 2, 


























Height 


Fig. 4. Variation of the night-time concentration of negative ions in the lower ionosphere. 


the height distribution of the negative ion density has been calculated for various 
times of the night and for heights in the range 80-110km. These are shown in Fig. 4. 


4.3 Distribution of the atomic ion X+ 

The atomic ion X* is, by our hypothesis, the residual ionization existing at EH 
and lower F heights, when the daytime molecular ionization YZ+ completely 
vanishes. In the previous section it has been shown how, from the approximately 
constant values of the ionospheric parameters obtaining at late night hours at 


.,  mXt 
these heights, one may deduce the values of the quantity a ) (see also Table 1). 
i A 


T . 


To obtain values of n(X*) we need values of 4. The latter have been determined in 
Section 4.2. The resultant values of n(X*) are given in Fig. 5. 
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4.4 Distribution of the positive molecular ions 
The positive molecular ion n(YZ+) is connected with the other ionizations by 
the relationship 
n(X*) + n(YZt+) =n, + nm =n,(1 + A) 
It is easy, therefore, to obtain values for n(YZ+) when those of n(X+), n,, and n- 
are known. Values deduced in this way are shown in Fig. 6. 
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Fig. 5. Variation of n(X*)/(1 + 4) and Fig. 6. Variation of the concentration 
of n(X*) with height in the lower of the positive molecular ions, YZ*. 
ionosphere. 


5. CONCLUSIONS AND DISCUSSION 

We have presented in this work the results of some tentative deductions 
concerning the variations of the concentrations of the different positive and 
negative ions that exist in the lower ionosphere at night from observational data 
in f,# and in height and absorption at various frequencies in the range 16 ke/s to 
18-3 Mc/s. One satisfactory aspect of these deductions is that, although four 
different types of ionization are involved in the calculation, only the sunset model 
for n, has been assumed. All other parameters (excepting «;) have been deduced 
from experimental data. The resultant distributions of n(X*+), n-, and n(YZ*) at 
the time of sunset and at the succeeding hours do, of course, depend to some extent 
on the initial assumption regarding the sunset distribution of n,*, but may other- 
wise be considered as representative. 

Among the various ionizations deduced, of particular significance is the dis- 
tribution of the atomic positive ion, X*+, which NicoLeT identifies with meteoric 
ions, and the concentrations of which have been shown in this work to increase from 
negligible values at 85 km to about 7 x 103/cm? at 110 km. 


* One may, for example, compare the values given in Fig. 2 with those recently computed by 
PARKINSON (1955) for a model of n,, somewhat different from the one assumed in this work. 
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The case of negative ions is likewise interesting. While present theory predicts 
an approximately constant value of 4 with height, the experimental values show 
large variation. It seems possible that this variation is associated with the dis- 
sociation of molecular oxygen at these heights. Electrons will be attached to both 

; ., 2(O was 
oxygen molecules and atoms and will vary with a The equation for / will, in 

n 


fact, be given by 


where C and D are constants, given by 
C = B(O)/K(O) 
D = B(O,)/K(O) 


However we may choose to interpret the points of detail, it seems clear that 
the slower decay of the night-time ionization in the lower ionosphere (principally 
region £) is due to a mixture of the normal £-region ionization decaying with a 
coefficient of about 10~§ cm/s and an additional ionization (which one may term 
“abnormal” ionization) decaying more slowly. This “‘abnormal”’ ionization may 
well be the same as that of sporadic H normally observed at night with P’-f 
equipments. In a recent work, Piaaor (1955) has shown, from observatiqns of the 
variation of absorption with frequency and time during the night, that, while the 


normal £ region decays at night with a coefficient of 10~§ cm/s, weaker forms of 
sporadic £ reflection often varied remarkably smoothly with time after sunset 
with a much lower recombination coefficient. These findings would seem to confirm 
generally the basis of this work, and it would appear that this variety of sporadic # 
is the result of ionized atomic ions, presumably of meteoric origin. 


Acknowledgements—The work reported here was carried out in great part at The 
Pennsylvania State University. It was completed and the paper prepared at the 
Radio Research Committee Secretariat of India. During the progress of the work 
considerable assistance was received from Dr. NicoLet, who pointed out to the 
author the serious effects of meteoric ions on the electron removal rates of the 
night-time lower ionosphere. 

My grateful thanks are due to Professor A. H. Waynick for stimulating 
discussions and for taking the trouble to edit this paper, and to Mrs. Lou Barcu 
for assistance in computation. 

REFERENCES 
Bronpi M. 1951 Phys. Rev. 88, 1078. 
Bates D. R. and Massry H. 8. W. 1951 J. Atmosph. Terr. Phys. 2, 1. 
Mirra A. P. and Jonss R. E. 1954 J. Geophys. Res. 59, 391. 
NIcoLeT M. 1954 Scientific Report No. 72, Ionosphere 
Research Laboratory, Pennsylvania 
State University, Nov. 30. 
PARKINSON R. W. J. Atmosph. Terr. Phys. 1, 203. 
Piccot W. R. W. Eng. 82, 164. 


Youne and SAYERS. Proc. Conf. Ion. Physics, Birmingham. 





RESEARCH NOTES 





Lunar effects on the equatorial Es 


(Received 3 November 1956) 


In the equatorial region, Es reflection is abnormally intense in the daytime (MaTSUSHITA, 
1951 and 1953; Smiru, 1955). This equatorial Hs occasionally disappears suddenly around 
noon or the early afternoon, although it usually continues till evening (MatTsusHiTa, 1955). 
Fig. 1 is an example of the effect in ionograms obtained with a vertical incidence ionosonde 
(N.B.S., Model C-3) made at Huancayo every 15 min. In Fig. la, the equatorial Hs dis- 
appeared suddenly at 1345 75° WMT, although it had the usual appearance at 1315 and 1330. 
The time at which the /s disappeared, in this example, was taken to be 1345 for the present 
study. In Fig. lb, the Zs almost disappeared at 1430, and completely disappeared at 1445. 
As the time at which the Hs disappeared in this example, 1430 was used, instead of 1445. 

After once disappearing, the equatorial Zs sometimes reappears a half-hour to a few 
hours after the time of disappearance, and also occagionally disappears again. For the 
following study, the time at which the Ls first disappeared during the period from 1000 to 
2000 on each day at Huancayo was obtained from ionograms. The equatorial Es, however, 
usually disappeared between 1700 and 2000. Sometimes it lasted even after 2000, when it 
changed its type of reflection. In my study, this effect was ignored, because it only occurred 
on a few days during the month. The geomagnetic storm effect and the power change of the 
ionosonde were also ignored in finding the #s disappearance-time. 

The approximate lunar age of each day was calculated, and the local time at which the 
Es disappeared was plotted as a function of the lunar age. The variation of the averaged 
values is shown in Fig. 2. As can be seen in Fig. 2a, the equatorial Es often disappeared 
earlier than usual in the vicinity of the full and the new moons. This relation is more 
conspicuous during the December-solstice months than during the June-solstice months. 
Fig. 2b is the variation during the December-solstice months from 1952 to 1955. 

The solar time of the disappearance plotted as a function of corresponding lunar hour 
shows a much clearer relation, as shown in Fig. 3. The total number of disappearances 
occurring before 1700 solar time was computed for each lunar hour. (The Hs usually 
disappears after 1700 solar time.) This is shown in the upper part of the figure. I conclude 
from this result that the equatorial H's often disappears around noon or the early afternoon 
(solar local time) if these times lie between 0000 and 0300 or between 1200 and 1500 lunar 
time. In other words, the equatorial H's often disappears during the first half of the periods 
of the westward lunar electric current flow in the equatorial region. This current is respon- 
sible for the lunar daily magnetic variation (CHAPMAN and BarTELS, 1940). The lunar tidal 
variation of f,#s at Huancayo has minima at 0000-0300 and 1200-1500 lunar time 
(MatsusuHiTA, 1953), which also agrees with the present result. 

The equatorial Hs may be caused by the vertical upward drift force due to the eastward 
electric current jet, as the author has already suggested. Accordingly, the disappearance of 
the equatorial Hs may be explained by the assumption that the vertical upward drift force 
due to the eastward electric current of the solar magnetic variation is weakened by the 
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Fig. 1. Ionograms from Huancayo showing sudden disappearance of equatorial Es. 








Research notes 


downward drift force due to the westward electric current of the lunar magnetic variation. 

The lunar stratification of the F2 at Huancayo, reported by GaUTIER, KNECHT, and 
McNIsu (1951), occurs during the period of 0600-0900 and 1800-2100 lunar time. It is 
interesting that there is a 6-hours time-lag between the lunar effect on the Hs and the lunar 
stratification of the F2. This suggests that the lunar stratification is caused by the east- 
ward lunar current effect, in contrast with the disappearance of the Z's, caused by the west- 
ward lunar current. 


Lunar-solar time of disappearance of &; at Huancayo 
(Dec. solstice, 1952-55) and numbers of occurrence 
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Fig. 3. Sudden disappearances of equatorial Es that take place before 1700 solar time occur 

more frequently between 0000 and 0300 or between 1200 and 1500 lunar time. Dots of 

lower graph indicate solar and lunar times of sudden disappearances of Zs; upper histogram 

indicates total number of such disappearance by lunar hours. Data: December-solstice 
months, 1952-55. 
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Ionospheric self-demodulation of radio waves 
(Received 7 November 1956) 


It is well known that, if an unmodulated radio wave and a modulated one traverse the 
ionosphere simultaneously, then, under some conditions, modulation can be transferred to 
the originally unmodulated one by a process called “ionospheric cross-modulation.”’ The 
mechanism of this effect was discussed in a survey paper by HUXLEY and RatTcLirFFE (1949), 
who introduced a parameter 7’ to measure the magnitude of the transferred modulation. 
In the above description there is no need for the modulated and the unmodulated waves to 
be different; the modulated wave could produce cross-modulation onto itself, and it can be 
shown that the result would be to reduce the depth of the original modulation by a “‘self- 
demodulation factor” F. F can be calculated in terms of the coefficient 7’) of transferred 
modulation which would occur at very low modulation frequencies if two separate waves of 
nearly the same radio frequency were employed. APPLETON (1938) appears to have been 
the first to suggest that ionospheric self-demodulation might occur. 

Measurements of ionospheric self-demodulation were made at Cambridge in the summer 
of 1955, but unfortunately the assumption of new duties by the author in South Africa has 
delayed the writing of a paper containing the detailed results. The purpose of the present 
note is to make known the more important of the results obtained. Details will be presented 


elsewhere. 
The Droitwich sender of the BBC (200 ke/s, distant 150 km) was used, modulated at 
various frequencies in the range 31-750 c/s. Powers ranging from 75 to 400 kW, and 


different coefticients of modulation, were used in different series of experiments. The received 
sky-wave was isolated from the ground-wave by means of a loop aerial and the modulation 
coefficient was compared with that in the received ground-wave. On the higher-modulation 
frequencies selective fading was troublesome and a large number of observations were 
taken in order to obtain a statistically reliable result. On the lower-modulation frequencies 
the selective fading was of little importance. On all modulation frequencies many observa- 
tions were made from which average values and standard deviations were deduced. The 
results for a typical series of three nights in June and July 1955 are shown in Fig. 1, in 
which the mean value of F’, together with its standard deviation, is plotted as a function of 
the modulation frequency. The curve represents the result to be expected according to an 
extension of the theory of cross-modulation. It is to be noticed that, in agreement with the 
theory, the demodulation is more marked at the lower frequencies, and is hardly appreciable 
at frequencies greater than 500 c/s. The mean value of 7) obtained from all the experiments 
was of the same order as that deduced from experiments on cross-modulation. The demodu- 
lation coefficient was found to be proportional to the transmitted power, in accord with 
theory. 

When experiments were continued through dawn, from night into day, it was found 
that the demodulation coefficient F increased smoothly to unity, so that there was no 
demodulation by day. It is deduced that during the day most of the absorption occurs at 
or below the level where the electron-collision frequency is equal to the angular wave 
frequency. 

These results are quite different from those of CuroLo (1955), who used a wave of 
frequency 863 ke/sec, transmitted with a modulation coefficient of 0-6. He states that as 
the modulation frequency increased up to 1000 ¢/s, the received modulation coefficient fell 
from 0-5 to 0-1, and as the frequency increased still further from 1000 to 4000 e/s, it remained 
at 0-1. It is difficult to explain these results theoretically. CuroLo did not state what 
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precautions were taken to avoid the selective fading which is usually so troublesome at the 
higher-modulation frequencies. The results are also quite different from those of 
AITCHISON and Goopwin (1955) who worked near the gyro-frequency and found de- 
modulation to be most marked when the modulation frequency was between 800 and 
1500 c/s. 

Since the experiments were made, and the theory extended to deal with self-demodula- 
tion, H1pBERD (1955 and 1956) has published two theoretical papers on the subject. In 
one he deduced the amount of self-demodulation to be expected, and in the other he drew 
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attention to some of the precautions which would have to be taken in an experimental 


search for the effect. 
This work was done while the author was at the Cavendish Laboratory, Cambridge. He 


is grateful to the BBC for providing the special transmissions and to Rhodes University 
for a grant which enabled him to work in Cambridge. 
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Rhodes University 
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Relation between noon F2-layer ionization and magnetic dip 
(Received 19 November 1956) 


Ir is now well-known that the geomagnetic field has a dominating influence on the distri- 
bution of F2-layer ionization. This was first strikingly demonstrated by APPLETON (1946), 
who showed that, under equinox noon conditions, “‘there is a belt of low values of f,F2 
circling the earth and centred roughly on the magnetic equator.”’ APPLETON (1946, 1950, 
1954) and all other subsequent workers (Liane, 1947; BatLey, 1948; Marpa, 1955) 
have demonstrated this equatorial dip effect by plotting the values of fF 2 at a given local 
time (say noon) at a particular epoch of the annual solar cycle (say equinox) against one 
or other of the geomagnetic co-ordinates (say magnetic dip). Such a plot obviously in- 
cludes the possible variation of fF, due to the varying zenith distance of the sun at stations 
situated at different geographical latitudes. For example, the solar zenith distance at 
Singapore (geog. lat. 1:3° N) at noon on the equinox day is about 1°, while on the same 
day the noon-value of 7 at Slough (geog. lat. 51-5°.N) is about 52°. According to 
CHAPMAN'S theory, the wide difference in the 7 value must by itself produce substantial 
variation of fF 2 at the two stations. In order to have a correct picture of the dependence 
of F2-layer ionization on the geomagnetic field, this contamination due to variation of 
solar zenith distance must be eliminated. So far as is known to the present writer, this 
has not been done by any worker till now. 

The object of this note is to depict the true relation between noon fF2 and magnetic 
dip by eliminating the effect of solar zenith distance variation. This has been done by 
plotting the noon values of fF2 against the magnetic dip of the stations keeping solar 
zenith distance 7 as a fixed parameter instead of the equinox or any other epoch of the 
year. In other words, for stations in different geographical latitudes, noon fF2 values of 
different days in the year have been utilized such that the value of 7 at noon is the same 
for all the stations. For convenience, a table is first prepared showing the dates on which 
Ynoon assumes certain selected values at the different stations. Table 1 given below is 
compiled to indicate the dates on which 7noon at the different stations assumes the values 
0°, 10°, 20°, and 30°. For a particular value of ynoon and for a given station, noon fF2 
data for five days centred round the date shown in the Table is averaged. In cases where a 
particular 7noon is attained on more than one date, five days centred round each of these 
dates are taken and noon fF2 for all these days are averaged. This average value (shown 
within brackets in columns 3-6 in Table 1) is taken as the representative value of noon 
fF2 for the chosen zenith distance. The data thus obtained are then plotted against the 
magnetic dip of the stations (Fig. 1). 

It will be seen in Fig. I(a) that for 7noon = 
magnetic equator and two maximum values roughly at +30° magnetic dip. The variation 
of fF 2 with magnetic dip follows very nearly the same trend for 7poon = 10° as shown in 
Fig. 1(b). In Figs. l(c) and 1(d), for ynoon = 20° and 30° respectively, the peak at 30° N 
and the minimum at the magnetic equator are clearly maintained. But, the peak to the 
south of the magnetic equator loses prominence. Closer examination of the figures shows 
that the southern peak gets flattened out as ypoon increases from 0° to 30°. But this 
remark is made with some reservation as data for southern magnetic dips between 5° and 
35° are insufficient. 

For the sake of comparison, one may correspondingly plot fF J and fE values against 
magnetic dip and check if FJ- and E-layers are subject to any terrestrial magnetic control. 


0°, fF2 attains a minimum value at the 


168 





Research notes 


Table 1. Dates on which solar zenith distance y assumes certain specified values at 

noon at different stations. The figures within brackets in column 1 indicate respectively 

the geographical latitude and longitude of the station. The figures within brackets in 
columns 3-6 represent the average noon fF’; as explained in the text _ 





Station 


1 


Dates for 
which 
ZXnoon = 0° 


3 


| 


Dates for 
which 
Znoon = 10° 
4 


| 


| 


Dates for 
which 
ZXnoon = 20° 
5 


| 
| 


Dates for 
which 
ZXnoon = 30° 





Bagneux 
(48-8° N, 2-3° E) 





Bombay 
(19° N, 73° E) 


| July 28 


May 16 (9-4) 


Feb. 21... 
Oct. 22 (192) 





Brisbane 
(27-5° S, 153° E) 


Mar. 27 
Sep. 17 (6-9) 








Calcutta 
(22-6° N, 88-4° E) 





Canberra 


(35-3° S, 149° E) 





Capetown 

(34:2° S, 18-3° E) 
Casablanca 

(33-6° N, 7-6° W) 


(14-6° N, 17-4° W) 


Delhi 
(28-6° N, 77-1° E) 


Djibouti 
(11-5° N, 43-1° E) 


Mar. 2 is 
Oct. 12 (11°5) 








Apr. 20 
Aug. 23 


Mar. 7 
Oct. 7 (6-1) 





Mar. 10 ,, » 
Oct.4 (87) 





Mar. 30 ,. . 
Sep. 14 (6-7) 





Feb. 8 


Nov. 4 (33-9) 





Sep. 1 





Feb. 28 
Oct. 








Falkland Is. 
(51-7° S, 57-8° W) 





Freiburg 
(48-1° N, 7:8° E) 


Hobart 
(42-8°S, 147-4° E) 








Huancayo 
(12° S, 75-3° W) 





Jan. 4 


Dec. g(5°9) 





(6) 


May 12 
Aug. 1 





Ibadan 
(7:4° N, 4° E) 


Mar. 14 
May 9 
Aug. 4 


7:7) 








Johannesburg 
(26-2° S, 28° E) 


Mar. 5 ( 
Oct. 9 





Khartoum 
(15:6° N, 32-6° E) 


May 3 


Aug. 10 (7°8) 
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Table 1—(continued) 





Station 


Madras 
(13° N, 8 


Nairobi 
(1° 8,37" 


Okins awa 
(26°3° N, 
enaieen 


(9-4° N, 79-9 


Puerto Rico 
(18-5° N, 67:2° W) 


Poitiers 
(46:6° N, 0-3° E) 


Raratonga 


(21-3° S, 159-8° W) 


Singapore 
(1-3 , 103-8° E) 


Slough 

(51-5° N, 0-6° W) 
Tananarive 

(18-8° S, 47-8° E) 


Tiruchy 
(10-8° N, 78-8° E) 


Tokyo 
(35°7° N, 


Tenmulite 


(19-3° S, 146-8° E) 





Wakkanai 
5°4° N, 141-7° E 


W ashington_ 
(38:°7° N, 7 


Tana 
(31.2° N, 130-6° E) 


Magnetic 
dip 


Dates for * Dates for 
which which 
Znoon = 0° ZXnoon = 10° 
3 4 


Apr. 25 (8) Mar. 28 (7:3) 


Aug. 19 


A 
A 


June 10 
July 3 

Sep. 15 

Feb. 21 
Apr. 13 
Aug. 30 
Oct. 22 


(10-3) 


Dates for 
which 
Xnoon = 20° 
5 


Mar. 3 
Oct. 11 


Dates for 
which 
Znoon >= 30° 
6 





Jan. 17 


May 16 
July 28 





Me ay 


pr. 14 9-7 ‘Mee. 19 
ug. 29" May 18 (95 
July = 


May 14 


Ji 
N 


July 30 


‘Feb. 20 
Oct. 23 ( 


paeney 7 7 
Oct. 21 | 











Fe sb. 27 
Apr. 20 ‘ 
Aug. 2 4! 9-3) 
Oct. . 


Feb. 27 5 
Oct. 16 


May 27 i. 
July 17 (8-6 


Apr. 12 
Aug. 31 














un. 25 Feb. 26 


ge Oct. 17 (89) 











-- May 27 


July 17 eh) 
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This has been done and the plots are also depicted in Fig. 1. It will be seen that neither 
the FJ-layer nor the H-layer ionization exhibits any variation with magnetic dip. 

It is to be mentioned that the above plots have been drawn using critical frequency 
data for the year 1953 which is about the minimum of the sunspot cycle. This ensures 
that the critical frequencies for the different months of the year were not significantly 
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Fic. 1.—Plots showing the relation between noon fF, and magnetic dip for the year 1953; 
for comparison, corresponding plots of fF’, (dots) and fE (crosses) are also depicted. 


affected by the sunspot cycle effect. A more detailed study of fF2 data in relation to 
magnetic dip, covering a longer period is in progress. The results will be published in a 
later paper. 
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are also due to the various institutions which promptly supplied on request certain fF2 
data which were wanting. I am also indebted to Professor 8. K. Mirra for helpful 
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Photoelectric observations of anomalously polarized twilight emission at 5893 A 
(Received 20 November 1956) 


THE extensive investigations of BRIcARD and KAstTLer (1943), Duray (1947), and BARBIER 
and Roac# (1950) all support the conclusion that the most probable mode of production 
of the twilight sodium airglow is resonance excitation of neutral sodium atoms by residual 
solar radiation at 5893 A. Moreover, the predicted width (~0-03 A), and weak polarization 
(<10°%%) of the D lines in resonance emission are both confirmed by the twilight observations 
of BricarD and KastTLeR (1948, 1949, 1950). 

With the above facts in mind, it is of more than usual interest to report the presence 
of strongly polarized twilight emission in a narrow waveband (half-intensity width, 260 A), 
centred on the sodium D lines, on several occasions following enhanced solar activity 
during the last sunspot cycle. 

The observations were made with‘a photoelectric polarization photometer employing 
a selenium photovoltaic cell as receiver, and a rotating type-H “Polaroid”’ filter, driven 
at 1 r.p.m., as analyser. The modulated photocurrent was fed via a universal shunt to 
a moving-coil galvanometer of period 2 sec, and sensitivity 970 mm/uA. The required 
spectral band was isolated by differentiating the measurements made sequentially through 
two Chance filters, OY1 and OR2, each 3 mm thick. A third filter of didymium glass 
(ON16) could be combined with the first-named filters in turn to exclude the D lines: and 
so provide a control measurement on the sky-background within thesame narrow waveband. 
The photometer was pointed always to the zenith sky, which subtended a field of 17 
degrees radius. 

Routine observations commenced early in May 1949: and during the ensuing three 
months the D band was observed repeatedly in emission as an addition to the unpolarized 
component of the zenithal twilight, first appearing at a solar zenith distance of ~93 
degrees. The polarized component remained in absorption throughout the twilight run; 
and, taking account of the probable experimental error, the degree of polarization could 
not have exceeded 10%, i.e. of similar magnitude to that found elsewhere (BrRicaRD and 
KASTLER 1949, 1950). 
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However, on the evenings of 9, 11, and 13 August in the same year, the unpolarized com- 
ponent of the sodium band remained in absorption throughout; and, quite unexpectedly, 
emission was now observed to appear in the polarized component. This striking anomaly 
was again found on a number of occasions during the next three years, its reality being 
thereby confirmed. . 

Additional evidence that the anomalous effect just described was actually confined to 
the narrow D band is found from a comparison of the observed amounts of percentage 
polarization for sodium band, and sky-background respectively at 95 degrees solar zenith 
distance. Mean values of these two quantities, for ‘normal’ and “anomalous” groups, 
are summarized in Table 1. The number of observations in each group appears in 


parentheses. 
» polarization observe 
Na band 


> 


Normal emission (23 


Anomalous emission (10) 





It will be seen that the very large increase of percentage polarization—by a factor of 
more than 2—shown by the anomalous group is not paralleled in the corresponding values 


for the sky-background, which show a reversed trend of much smaller magnitude. And 


since, also, similar trends are found on examining individual observations in the respective 


emission groups, the marked differences between the results for band and sky appear to 


} + 


e Slgnincant. 
Although unknown at the time, the abnormal twilight runs of 9, 11, and 13 August 
followed the intense (3+) solar flare of 5.3 August. Moreover, on 6 August, normal emission 
was observed at dusk, thus suggesting either a delayed atmospheric effect of the ultra- 
violet flare radiation, or pos an effect particle radiation from the disturbed region 
of the sun. This deduction is strengthened when it is mentioned that, of a total of ten 
rvations of polarized emission, nine were precede i 8S OI intensity either or, 3, or 2 
within an interval of from 2 to 8 days; and the tenth by a moderate geomagnetic storm 
of M-region type. no occasion did anomalous emission appear concurrently with a 
major flare distur] 

By contrast, in a group of sixteen observations of normal D-band emission within the 
same period, four of these were preceded by a flare within 24 hours, and none fell in the 
time-interval 2 to 8 days following a major flare. Also, on five occasions when both 
geomagnetic-storm and auroral activity was present at the time of the twilight observation, 
sodium-band emission appeared in both components, the unpolarized emission being 
always of more-than-average intensity. * 

To illustrate what is believed to be a characteristic sequence of changes in the 
character of the twilight emission at 5893 A, under disturbed conditions of the upper 


* This must be attributed to auroral-line and band radiations of atomic and molecular nitrogen, and 
possibly auroral D-line emission also. VEGARD (1949) reports D lines present in auroral spectrograms 
taken in the middle of the night from the upper parts of auroral treamers. This suggests the presence of 
sodium atoms, supposedly of solar origin, at heights around 200 km. 
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Table 2 





Date of twilight Date of | Flare Associated Post-flare 
observation antecedent flare intensity effects'?.3) time (hr) 


1950 April 13 1950 April 12.6 : A: EG 28 
1949 August 6 1949 August 5.3 : A, F, GF 35 
1950 June 10 1950 June 8.6 ; PS 53 
1950 June 11°) 1950 June 8.6 2 F,S 60 
1949 August 9 1949 August 5.: A, F,G,P 107 
1949 August 11 1949 August 5. A, F,G, P 155 
1949 August 13 1949 August 5.¢ 3+ Aigo Gok 203 





{) Morning twilight. 

2) None of the flares cited was followed by a geomagnetic storm. 

‘3) 4 = sudden enhancement of atmospherics; #’ = short-wave fadeout; G = geomagnetic crochet; 
P = sudden phase anomaly; S = burst of solar noise. 


atmosphere, the seven nonauroral observations listed in Table 2 have been grouped so as 
to cover a range of post-flare times from 1 to 8 days. 

Using the results of the twilight observations tabulated above, smoothed values of 
the (Na band/sky-background) intensity ratio were computed to cover the needed range 
of post-flare time and optical sounding height.* The values for heights above 55 km 
were obtained by extrapolation of the experimental data. One set of intensity ratios 


included only the values for polarized light; the second those for total (polarized + 
unpolarized) light. 

The march of the intensity ratio with post-flare time at the different sounding levels is 
best shown by a three-dimensional model, of which two examples are represented in the 
accompanying figure. 

The upper diagram (a) is based on the first set, and the lower (b) on the second set 
of intensity ratios mentioned above. In both diagrams the contour representing an intensity 
ratio of unity is shown by the broken line separating emission (unshaded) from absorption 
(stippled) zones. 

Normal D-line emission at the 55-65 levels accounts for the additional feature of (b) 
that is seen to persist up to ~30 hours after the incipient flare. Apart from this, the two 
models exhibit similar outlines, although the main peak around 100 hours is less evident 
in total light on account of strong absorption in the unpolarized component for times 
>40 hours. The surprisingly high intensity-ratio (>3 : 1) found in the polarized component 
at 65 km is noteworthy, corresponding as it does to a band polarization of over 90%. 
It will be noted also that the duration of the anomalous emission is sensitive to changes in 
the level at which it is observed. For example, the duration is only ~50 hours, at the 
35-km level; whereas at 65 km the anomaly may persist for periods up to 10 days. 

So far as is known, the sequence of changes just described has not previously been 
reported. But because of the extremely complex nature of the twilight spectrum in the 
vicinity of the sodium D lines it is not possible to state implicitly that the anomalous 
emission originates either directly or indirectly from excited sodium atoms. All that can 


* Following LauUNGHALL (1949), the “optical sounding height”’ is defined as the effective limit of the 
earth’s shadow for which the light scattered by the atmosphere below this limit just equals the reduction 
of scattered light by extinction of the atmospheric light above the limit. Between solar Z.D. 91 and 97 
degrees, the optical sounding height increases from 14-5 to 65 km. 
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be said is that the effect appears to be confined to the narrow filter-band including the 
D lines, since it is not present in the adjacent sky continuum. 

This central band contains, in addition to the D lines, a diffuse and broad emission of 
unknown origin, observed by BricaRD and KasTLER (1948) to be intense in early twilight; 
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Fig. 1. Three-dimensional plots illustrating anomalous changes in twilight radiation at 5893 A, following 
solar activity: (a) polarized component only, (b) total light (both components) from zenith sky. 


a part of the Chappuis band of ozone; several Fraunhofer absorption lines; the «(3-0) 
band of O, at 5815 A, detected by Sommer (1936) in the night airglow; and numerous 
water-vapour lines. It is also possible that Bricarp and KasTLEr’s twilight feature may 
correspond with the low-level 8-2 (v’ — v”) band of OH at 5889 A, first detected in the 
nightglow by MEINEL (1950); and this same feature may perhaps be responsible for the 
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present anomaly. Even if this is so, the cause of the high degree of polarization observed 
in twilight under disturbed conditions still remains unexplained. 

I am greatly indebted to Prof. D. R. Bates, F.R.S., and Mr. H. W. Newton, former 
superintendent of the Solar Department, Royal Greenwich Observatory, for their interest 


and advice. 
My thanks are due also to the Observatory’s mechanic, A. J. DENNER, for assistance 
in the construction of the photometer. 
D. R. BARBER 


Norman Lockyer Observatory 
University of Exeter 
Sidmouth, Devon 
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The colour of the zenith twilight sky: absorption due to ozone 
Rece 1 6 December 1956 


} 


HuLsurt (1953) has shown that measures of the luminance of the zenith twilight sky 
made at Sacramento Peak at different times after sunset cannot be explained by assuming 
an atmosphere scattering and absorbing light according to the Rayleigh scattering function 
for the molecules present in the atmosphere. Not only does the computed luminance have 
a value significantly above that observed during the earlier stages of twilight, but the 
computed colour of the zenith sky is very close to the colour of an equal energy spectral 
distribution—the reference white colour of the C.I.E. system of colorimetry. He ascribes 
the difference between computed and observed luminance and colour to the absorption 
due to the ozone layer, and has shown that this accounts satisfactorily for the luminance 
of the zenith sky. 

ASHBURN (1953) has drawn attention to the work of GRANDMONTAGNE and others, who 
have observed the variation of intensity of the twilight sky in limited spectral ranges. 
BULLRIcH (1948) quotes the work of StepDENTOPF (1941), who has determined the colour 
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temperature of the twilight sky at the zenith, as a function of the solar depression, 0, 
below the horizon. SrEDENTOPF found that the colour temperature reaches a maximum at 
about § = 10°, thereafter decreasing rapidly. Gauzir and GRANDMONTAGNE (1942) 
report on the variation of intensity in the red and infra-red. GRANDMONTAGNE (1938) 
has measured the intensity of the zenith sky in the blue and red and infra-red, for values of 
6 greater than 6°. GruNER (1936) has made most of his twilight observations on the 
“purple light.” He did not use any effective wavelengths between 5300 and 6500 A. 
ASHBURN (1952) has made measurements at effective wavelengths through the visible region, 
at 4400, 5200, 5900, and 7500 A for values of 6 from 0° to 14°. His results indicate quite 
large changes in the colour of the twilight sky, and also that there is a minimum in intensity 
of the radiation at about 5400 A. According to HuLBurt’s theory, there should be a 
minimum corresponding to the Chappuis band of ozone, at about 5900 or 6000 A. 
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Figs. 1, 2, and 3. Observed chromaticity of the zenith twilight sky as a function of 6, for 
one degree intervals of 6. 
Fig. 4. Computed chromaticity of the zenith twilight sky for 6 = 1°, 3°, and 6°. 











Observations were made with a small, portable colorimeter, constructed with a system 
similar to that described by BuRNHAM (1952) and designed for auroral colour measure- 
ments by Professor W. D. WRIGHT, with the aid of a grant from the Royal Society. Measures 
of the colour of the zenith sky during twilight have been made on eight evenings—six 
from an observing site on the South Downs behind Brighton, and two from South Kensing- 
ton, in London. Once the sun has set, there is not a significant difference between the 
colours observed at these two sites on different evenings, leading to the conclusion that 
the industrial haze over London has effectively a neutral transmission. 

Figs. 1, 2, and 3 show the observed variations in chromaticity as a function of 6, for 
the different evenings. (In computing the values of 6, the effect of refraction has been 
ignored.) It will be seen that the variation on different evenings follows the same direction 
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for each evening, and that the curves are displaced diagonally for the different times of the 
year. A small ellipse shown on each figure gives the standard deviation of the measure- 


ments. 
On most of the evenings on which observations were made, there were no clouds visible 


from the observer's position, and generally the whole of the South of England was clear 
of cloud. The exception is the evening of 5 March 1956, when there were thin patches of 
high cirrus visible. The effect of this cloud was to increase the luminence and to desaturate 
the colour of the sky until about 6 = 4°. After this time had been reached, the clouds were 
no longer visible to the naked eye, and there was a drop in luminence and increase in 
saturation of the colour observed. The change in luminence amounted to 0-26 logarithmic 
units, and the chromaticity changed from (0-227, 0-228) to (0-216, 0-209). These changes 
occurred in only five minutes. 

The chromaticity of the zenith sky has been computed for 6 = 1°, 3°, and 6°, using the 
following assumptions: 

(1) That the molecular density in the atmosphere falls off exponentially with height. 
The White Sands rocket data (WHIPPLE, 1954) suggest that a suitable relation would be 

logy 2), 19-400 — 0-0596h 
where 7, is the number of molecules per cubic centimetre at height A (km). 
(2) That the ozone in the atmosphere is distributed in the following concentrations: 
(a) 5-19 km: 0-004 em of ozone (S.T.P.) per km path 
(b) 19-30 km: 0-017 em of ozone (S.T.P.) per km path 
(c) 30-45 km: 0-004 cm of ozone (S.T.P.) per km path 

The total vertical amount of ozone is thus assumed to be 0-303 atmo. em. 

(3) That the solar radiation is unrefracted in the atmosphere, and originates from a 
point source at the centre of the solar disc. 

(4) That the effective, screening surface of the earth is spherical. 

(5) That the spectral distribution of the solar radiation incident on the atmosphere is 
that determined by ABBorr et al. (1923). 

Straightforward geometrical considerations give the length of the ray path through the 
atmosphere for light scattered down from a particular height above the observer. The 
correction for the curvature of the earth tabulated by HuLBuRT (1939) has been applied. 
Thus the total number of molecules in unit cross-section of a beam of light may be found, 
using assumption (1), giving the absorption along this light path due to Rayleigh scat- 
tering. Assumption (1) also gives the amount of light scattered down from the particular 
height due to the assumed concentration of molecules at this height. Thus the intensity 
for varying heights of scattering may be calculated and numerical integration (in this 
case, at intervals of 5 km) gives the total observed intensity as a function both of wave- 
length and solar depression, @. 

The calculated chromaticities found in this way, neglecting the absorption occurring 
in the ozone layer, are almost constant with varying 6 (see Table 1), and correspond to a 
colour very close to white. 

Table 1 


Chromaticity co-ordinates 





Yy 


0-343 
0-340 
0-342 
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Having found, geometrically, the ray path lengths through the ozone layer—assumption 
(2)—the equivalent amount of ozone in cm at S.T.P. is computed for a particular ray. 
This then leads to the absorption, as a function of wavelength, due to the Chappuis band 
of ozone. The values of the optical density per cm for ozone have been interpolated for a 
temperature of 220°K from the values determined by Vassy and Vassy (1941, 1948), 
and are given in Table 2. 

Calculating the absorption due to the ozone layer, and thus determining modified 
spectral distributions for the zenith sky, one finds that the chromaticities of the zenith 
sky for 9 = 1°, 3°, 6° are as given in Table 3. Also in Table 3 are the chromaticities calcu- 
lated when the assumption is made that the bottom three km of the atmosphere are com- 
pletely opaque to radiation (v. d. Hust, 1951), and the chromaticities corresponding to 
a total vertical ozone path equal to 0-248 cm—the concentration from 19-30 km_ being 


assumed to be 0-012 cm ozone at S.T.P. per km. 


Table 2 





Wavelength Optical density | Wavelength | Optical density 
A per cm A per cm 
| 








0-303 em 0-248 cm 


205 ~ >) . ‘ eee poate ies oe 2 eee 
0-303 cm ozone 0-248 cm ozone (ait 3 kn opagen agent 








x 





0-286 | 0-250 
0-267 0-243 
0-249 0-225 


Ee 
83° 
6° 





The chromaticities in Table 3 are plotted in Fig. 4 for comparison with Fig. 1, 2, and 3. 
It will be seen that HuLBuRT’s explanation of the general decrease of the luminence of 
the sky as being due to the ozone layer highly absorbing rays passing obliquely through 
it (giving path lengths up to 1200 km or more) applies with a satisfactory level of agreement 
with observation to the colour of the zenith twilight sky. His suggestion that for 6 greater 
than 65° or so, the majority of the light reaching the observer from the zenith sky is 
due to secondary and higher orders of scattering, appears to be supported on four evenings 
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by the observed maximum of “‘blueness” (chromaticity furthest towards the bottom left- 
hand corner of Figs. 1, 2, and 3) occurring at about 9 = 7°. For values of 6 greater than 
this, the colour of the zenith sky tends to become less saturated. The observations at the 
low level of luminance at these values of 6 are a little uncertain, but the reversal of direction 
of the colour change is supported by photographic measurements made on colour film 
exposed on two evenings. The conclusion is that the secondary scattered light coming from 
the zenith when twilight is half gone has a chromaticity approximately equal to that of 
the zenith sky at 9 = 4° or 5°. It should be mentioned, finally, that on all evenings the 
luminance of the sky was observed to vary in the same manner as that reported by HULBURT 
(1953), departing from the computed variation at 5°-7° solar depression in the same way. 


Technical Optics Section M. GADSDEN 


Imperial College of Science and Technology 
London, S.W.7. 
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ANNOUNCEMENT 





Committee on extension to the standard atmosphere* 


U.S. Weather Bureau and Geophysics Research Directorate (AFCRC), Co-sponsors 


A NEw extension to the 20-km ICAO Standard Atmosphere (the accepted U.S. 
standard) is being adopted by about twenty-three United States scientific and 
engineering organizations; this extension provides tables of atmospheric parameters 
up to 300 km. Because of their great need for such tables and because many have 
active high-altitude research programs, these organizations met in November 
1953 to seek agreement upon a single representation of the atmosphere compatible 
with the best available data. The United States Weather Bureau of the Department 
of Commerce and the Geophysics Research Directorate, Air Force Cambridge Research 
Center of the Air Research and Development Command, co-sponsored this move- 
ment, which included the following participants: 


Air Research and Development Harvard College Observatory 
Command International Civil Aviation Organi- 
Air Technical Intelligence Centert zationt 
Air Weather Service Jet Propulsion Laboratory 
Applied Physics Laboratory National Bureau of Standards 
Ballistics Research Laboratory Naval Proving Grounds 
Boston University (member trans- Naval Research Laboratory 
ferred to Sylvania) Office of the Chief Signal Officer 
Bureau of Aeronautics, USN The Rand Corporation 
Civil Aeronautics Authority Redstone Arsenal (ABMA) 
CONVAIR, San Diego Signal Corps Engineering Laboratory 
CONVAIR, Fort Worth United States Weather Bureau 
Geophysics Research Directorate White Sands Proving Grounds 
(AFCRC) Wright Air Development Center 


A working group was appointed to study the problem. This group met several 
times since 1953 and recommended the basic values and parameters shown in 
Table 1. These values have now been approved by nearly all the participants listed 
above. A curve of 7',, vs. H is shown in Fig. 1. 

Extensive tables expanding the basic framework of Table 1 are currently under 
preparation at the Geophysics Research Directorate and will follow closely the 
format of the ICAO Standard Atmosphere which appears as ICAO Document 7488, 
NACA TN 3182, and NACA Report 1235; moreover, additional information 


* Address: Geophysics Research Directorate, 415 Summer Street, Boston 10, Mass. 
+ Observer. 
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important at higher altitudes, such as gravity ratio and molecular weight, will be 
included. Supplemental information to describe the variability of the atmosphere 
and other parameters will be issued later as appendices. Preliminary copies of 
these tables, in a form analogous to the NACA TN 3182, should be available in 
limited quantities during 1957. It is planned to have the final edition printed by 
the Government Printing Office and made available to the public through the 


Superintendent of Documents. 





Tw = (2) Mo= r (40 ) 

Where }, molecular scale temperature | 

T is real kinetic temperature | 

M ismean molecular weight 

Mo iS mean molecular weight at sea level 
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Fig. 1. 


By virtue of the wide participation in this effort, these twenty-three organiza- 
tions established a U.S. standard and are planning action through the Air Co- 
ordinating Committee and ICAO to obtain international acceptance for the lowest 
portion (20 to 32 km) of the tables. In this regard, it should be noted that the 75- to 
300-km interval of the extension is termed “Speculative Atmosphere,” since it is 
felt that new experimental data obtained over the next five or ten years may lead 
to a better representation. The interval, 32-75 km, has been termed “Tentative 
Atmosphere,” since more data may also lead to modification and also because any 
drastic change in the Speculative Atmosphere may require some change in the 
adjacent lower levels. The 20-30-km level is termed Standard, since it is a good 
compromise between the voluminous radiosonde data of the meteorological services 
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Table 1. United States extension to the standard atmosphere 





H Z L Ty T M P 
(m’) (m) (°/m’) (°K) (°K) (g/mole) (mb) 


0-00 0-00 288-16 28- | 1-01325 x 108 
—0-0065 | 
11,000-0 11,019 216-66 . | 2-2632 x 10? 
0-0000 | 
*20,000-0 20,063 216-66 | 28: 5-4748 x 10! 
0-0000 
25,000-0 25,099 216-66 : 2-4886 x 10! 
0-0030 
*32,000-0 32,162 : : 8-6776 10° 
0-0030 
47,000-0 47,350 2: 2: 28- 1:2044 x 10° 
0-0000 
53,000-0 53,446 282-66 282- x 10-1 
0-0039 
75,000-0 75,895 196-86 196-86 28- “455 10-2 
0-0000 
90,000-0 91,294 196-86 196-86 
0-:0035 | 
126,000-0 128,548 812-86 278-88t | 25-024 “4 10-5 
0-0100 
175,000-0 179,954 322-86 686-13 6-1895 x 10-7 
0-0058 
300,000-0 314,859 1537-86 1024-67¢ | 19-30T 14473 x 10-8 





* Top of current ICAO Standard and top of recommended extension for standardization—no dis- 
continuity in temperature-height curve. 

+ Approximate values subject to minor revision depending upon recomputation of M above 90 km. 

| J 


Z _ Al‘titude in geometric metres, T Real kinetic temperature in degrees Kelvin. 
H_ Altitude in geopotential metres. M Molecular weight in grams per mole. 
LI ‘Temperature lapse rate in Kelvin degrees P Pressure in millibars. 
per geopotential metre. 
T 4 Molecular-scale temperature in degrees 
Kelvin. 


and tables already firmly entrenched in the development of engineering equipment. 
No changes are foreseen for this level. 

Geophysics Research Directorate scientists, R. A. MinzNer and W. 8. Ripley, 
are now preparing the completed report. 


Harry WEXLER 
Co-Chairmen USWB 
Committee on Extension to the Standard Atmosphere NoRMAN SISSENWINE 
Geophysics Research Directorate, Boston, Mass., U.S.A. GRD, AFCRC 
Note: Groups within the U.S. Air Force’s Air Research and Development Command or under contract 
to ARDC who have had occasion to use ‘““The ARDC MODEL ATMOSPHERE, 1956,” will be pleased to 


note that ARDC tables are based upon and are consistent with the new U.S. extension to the ICAO 
Standard Atmosphere. 


183 





Book review 


L.H. ALLER: Gaseous Nebulae. The International Astrophysics Series, vol. 3; London: Chapman 
and Hall, 1956. 322 + xvi pp. with 28 plates, 38 figures, and 29 tables. 63/- net 


Dr ALLER has been working on gaseous nebulae for some twenty years. Some years ago he 
began to prepare a comprehensive book about such nebulae, the observing methods and results, 
and the physical theory needed to interpret the results. His first version, completed in 1945, 
has since been completely revised to take account of recent developments, particularly on the 
observational side. The book under review, which is the first book in English on gaseous nebulae, 
is the outcome. It is a timely book; both planetary nebulae and diffuse galactic nebulae are of 
interest to students of stellar evolution, while the diffuse galactic nebulae have recently come to 
interest workers on cosmic rays and radioastronomy. 

After a preliminary chapter on the types of gaseous nebulae, the various methods of observa- 
tion are described in Chapter 2, and the results as regards distances, dimensions, and spectra of 
planetary and diffuse galactic nebulae are set out in Chapter 3. Then follow two chapters of 
astrophysical theory: Chapter 4 explains how the densities, temperatures, and compositions of 
the nebulae, and the temperatures and luminosities of the exciting stars, can be determined; 
Chapter 5 gives a good and full account of the formation of forbidden lines. Both these chapters, 
while applicable also to diffuse nebulae, are in fact mainly applied to planetary nebulae. Chapter 
6, on the stars illuminating the nebulae, also considers mainly the planetaries. Finally, Chapter 7 
discusses the structure and internal motion of the planetaries, and Chapter 8 does the same for 
the diffuse galactic nebulae. Throughout, results for the planetaries are given in far greater 
detail than for diffuse galactic nebulae. The latter are often merely condensed parts of the 
interstellar medium, which is to be the subject of another monograph in the same series. 

The book contains a vast amount of useful information, but it is not always well arranged, and 
two or three readings are necessary in order to extract the full benefit from it. Sometimes the 
references to the same subject in different chapters appear uncorrelated; sometimes the observa- 
tional methods and results and their interpretation are mixed together unsystematically ; 
sometimes the author interrupts the course of his argument to introduce an excursus on a 
different subject of which he seems to have just thought. Again, the book would have been 
easier to many readers if the ions responsible for given absorption lines were more regularly 
quoted; the author’s practice is very variable (cf. the references to 443727, 4686 on pp. 66 and 67). 
These defects detract from the immediate usefulness of the book. Nevertheless, it remains a 
valuable addition to astronomical literature. 

Apart from a few rather obvious misprints, the book is well produced. Its value is enhanced 
by a large number of diagrams and several beautiful plates. Each chapter is followed by an 
extensive bibliography. 


T. G. CowLiIna 
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Discrete sources of cosmic radio noise at 18-3 and 10:5 Mc/s 


G. R. Exiis* and Gorpon NEwstTEapDt 


(Received 20 December 1956) 


Abstract—Observations of discrete sources of cosmic radio noise at frequencies of 18-3 and 10-5 Me/s 
are described. Similar interferometers with a base line of 7 A were used for detecting the radiation at 
each frequency. Six sources were observed at both frequencies. Four of the sources were weaker at 
10-05 Mc/s than at 18-3 Mc/s and two were stronger. There is an indication that the shape of the low- 
frequency spectrum of a source is related to its direction. 


INTRODUCTION 


THE study of the low-frequency end of the spectra of discrete sources of cosmic 
radio noise is of some interest, since it can provide new data for theories of the 
generation and absorption of the radiation. Recent observations of the sources 
Cassiopeia A and Cygnus A quoted by Roman and Happock (1956) have indicated 
that a low-frequency cut-off in their spectra occurs between 10 and 20 Mc/s. 
These authors have suggested that this is due to the absorption of the radiation 
by interstellar-ionized hydrogen in our own galaxy between the solar system and 
the source. It is conceivable, however, that a change with frequency in the 
efficiency of the generating mechanism could also produce the observed rapid 
decline in the intensity of the radiation below 20 Mc/s. A possible way of deciding 
this question would be to observe the spectra of a sufficient number of sources. 
Any correlation between the galactic co-ordinates of the source and the shape 
of the low-frequency end of its spectrum might then be interpreted in terms of 
absorption. 

It is the purpose of this paper to describe observations of six sources at 
18-3 Mc/s and 10-5 Mc/s at Hobart, Tasmania. Although the number of sources 
observable with the low-resolution equipment used was too small to warrant 
definite conclusions, there is an indication that the spectra of sources well away 
from the galactic centre extend to lower frequencies. 


EQUIPMENT 


Similar tunable phase-switching interferometers were used at 18-3 and 10-5 Mc/s. The 
receivers were modified Admiralty-type FHB twin-channel C.R.D.F. receivers with a phase- 
switching stage inserted in one I.F. channel of each. The bandwidth was 9 Ke/s. Similar 
aerial systems were used at both frequencies. They were in the form of arrays of six full-wave 
dipoles, with a width of primary pattern of 30° to zeros in an east-west direction and they 
were arranged at each end of a base line seven wavelengths long. Preamplifiers were used at 
each aerial. The preamplifiers and receivers were calibrated with noise generators using noise 
diodes, the output impedances of the noise generators being adjusted to equal the impedances 
presented to the preamplifiers by the aerial feeders. The total noise output of each receiver 
and the component varying at the switching frequency were recorded separately with recording 
milliammeters. 





* Commonwealth Ionospheric Prediction Service, Hobart. 
ft University of Tasmania. 
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OBSERVATIONS 


The observations were made at intervals between March and August 1956 
at 10-05 Mc/s and during July and August 1956 at 18-3 Mc/s. The sensitivity 
of the equipment to interference from transmitting stations proved to be the 
main limiting factor in obtaining good records of discrete sources and no single 
record showed all of the sources which were observed during the course of the 
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Fig. 1. Records of discrete sources. 


experiment. However, most records showed at least two sources, and sufficient 
good records were accumulated at each frequency to produce the composite 
picture shown in Fig. 1. Also shown in this figure is a sample record. of the Cen- 
taurus source RA 1330 Dec. —43°. This record is typical in that the following 
source at 1715 RA is suppressed by interference from a transmitter. 

Table 1 shows the final results of the observations at both frequencies, together 
with the positions and intensities of nearby extended sources observed by BOLTON 
et al. (1954) at frequencies in the vicinity of 100 Mc/s and using interferometers 
with similar base lines. Using these 100 Mc/s observations, we obtain the spectra 
shown in Fig. 2. Also shown is the spectrum of Cassiopeia A (ROMAN and Happock, 
1956) and for comparison the spectrum of the background radiation (ELLIs, 
1957.) 

DIscUSSION 

The most striking feature of the composite records shown in Fig. 1 is the 
similarity in the amplitudes at the two frequencies of the records of the four 
sources C, D, E, F, and the relative increase in the amplitudes of the records of 
the sources A and B at 10-05 Mc/s. It may be significant that the two sources 
A and B are roughly in the same part of the sky (Table 1). The source C includes 
the well-known Centaurus source which other investigators have identified as 
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Table 1. Observed positions and intensities of discrete sources at 18-3 and 10-5 Mc/s 
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NGC5128, surrounded by an extended object. With low-resolution antennas it 
is not a good source for spectral measurements. 

Sources D and F are both apparently large objects which are derived from 
the irregular structure known to exist in the vicinity of the galactic centre. 
Nevertheless, their spectra are quite different from the spectrum of the back- 
ground radiation observed in the same direction, using dipole antennas (see 
Fig. 2), but are similar to the spectrum of Cassiopeia A, which is also near the 
plane of the Milky Way. 
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Fig. 2. Spectra of discrete sources. 
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These differences in the low-frequency parts of the spectra of the sources 
would seem to point to an explanation based on the absorption of the radiation 
during its passage through the galaxy. It is not intended here to make any quan- 
titative deductions along these lines, but it is worth noting that Roman and 
Happock (1954) have shown that the low-frequency cut-off in the spectrum of 
Cassiopeia A could be produced by a thickness of several kiloparsecs of ionized 
hydrogen with a gas temperature of 104°K and an electron density of 1 e/cm’. 
Slightly less electron densities could explain the results described here with 


similar values of the other parameters. 


CONCLUSIONS 
The main conculsions which may be derived from this investigation are as 


follows: 
1. Discrete sources may easily be observed at 10 Mc/s. This is lower in frequency 


than previous recorded observations. 
2. The number of sources detected was large in view of the poor resolving 


power of the equipment. It is possible that many more would be observed with 


better aerial systems. 
3. Considerable differences in the low-frequency end of the spectra of the 


discrete sources can be detected. The existence of these differences may provide 
a means of studying the distribution in the galaxy of regions which absorb radio 


Waves. 
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Measurements of the soft component of cosmic radiation 
by an absorption “‘well method”’ 


ARMIN W. MANNING 
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(Received 3 December 1956) 


Abstract—To measure the soft component of cosmic radiation which is defined as that part of the total 
radiation absorbed in 10cm of Fe, an absorption “‘well-method” originally proposed by Hzss (1953) 
was used. This method employs the procedure of taking measurements with the ionization chamber 
placed so that the top of the chamber was even with the absorbing sides of an iron house and then repeating 
the same procedure with the chamber ‘“‘sunk”’ into the iron house to a depth of one-half of its height. 
The difference in the solid angle of exposure in the two positions makes it possible to compute the 
ionization resulting from the soft component plus the gamma rays from the decay products of radon and 
thoron in the atmosphere. The results of these experiments indicate an ionization ten times greater than 
the theoretical value of the radiation from the radioactive products in the atmosphere, as computed by 


Hess (1943). 


EXPERIMENTAL PROCEDURE 


AN ionization chamber with a capacity of 4-89 litres (wall thickness 2-5 mm of brass) was 
used in this experiment. A Lindemann fibre electrometer was mounted directly on the top of the 
chamber. The guard ring and the case of the electrometer were connected to a 135-volt supply 
and the centre point of the quadrant battery was kept at the same potential. The fibre system of 
the electrometer could be connected or disconnected from the battery by means of a contactor 
needle. When the needle was withdrawn, with the electrometer housing and the guard-ring 
system being at 135 volts and the wall of the chamber at ground potential, the needle would 
drift at a rate which was proportional to the ionization current flowing in the chamber. 

In order to avoid any possible errors due to insulation leakage, a null-method was used in 

making these measurements. In this method a compensating potential was gradually added to 
the guard-ring potential and the housing of the electrometer with a potentiometer circuit. 
By constantly adjusting this potential, the needle could be kept at the zero point. This com- 
pensating voltage divided by the number of seconds during which the measurements were taken 
and multiplied by a calibration constant gave a measure of the ionization produced in terms of ion 
pairs per second. The capacitances and induction coefficients of the chamber with the 
electrometer were measured in the Department of Terrestrial Magnetism by GisH and Hess 
(1953). 
A small iron house providing shielding of 10 cm Fe on the bottom and sides, but not on the 
top, was erected on the astronomical observatory platform of Concordia Collegiate Institute, 
Bronxville, N.Y. This location about 60 ft above the ground surface was free of obstructions in 
all directions and thus there could ‘be no possible gamma radiation from other buildings. 

Ionization measurements were taken first of all with the ionization chamber (top) even with 
the top of the iron house and then with the iron house built up above the top of the chamber to 
one-half of the height of the chamber. The geometrical conditions for each position and the 
mathematical analysis determining the ionization by the “soft component” are as follows. 

Consider the area of the segment of a sphere: 

The ratio’ of the exposed area between a full half-sphere and a section of the surface as will be 
governed by the position of the ionization chamber in the snugly-fitting iron house depends on the 
ratio of h/r equal to (1 — cosq), where now @ will be the mean solid semi-angle of the cone 
formed by all points along the vertical axis of the chamber connecting these points to the upper 


edge of the iron house. 
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Table 1. Summary of experimental values 





Even with well In the well Difference (ab q saa 
I/c.c. sec I/c.c. sec I/c.c. sec 7 ) 





2/6/56 1-96 1-89 0-07 0-54 
2/19/56 2-17 1-95 0-22 1-68 
2/20/56 2-06 1-97 0-09 0-69 
2/22/56 2-15 2-02 0-13 1-00 
2/23/56 2-25 1-97 0-28 2-15 
2/24/56 2-10 1-95 0-15 1-16 
2/26/56 2-11 2-03 0-08 0-62 
2/27/56 2-22 2-07 0-15 1-16 
2/29/56 2-21 1-97 0-24 1-84 
3/1/56 2-22 2-04 0-18 1-38 
3/3/56 2-30 2-06 0-24 1-84 
3/9/56 2-18 1-93 0-25 1-92 
3/10/56 2-02 1-97 0-05 0-39 
3/12/56 2-05 1-94 0-11 0:85 
3/15/56 1-86 1-81 0:05 0-39 
3/17/56 2-26 2-10 0-16 1-23 
3/18/56 2-25 2-04 0-21 1-61 
3/20/56 2-25 2-12 0-13 1-00 
3/21/56 2-15 1-96 0-19 1:45 
3/22/56 | 2-21 1-94 0-27 2-07 
3/23/56 | 2-17 2-07 0-10 0-77 
3/25/56 2-26 2-02 0-24 1-84 
3/26/56 2-22 2-07 | 0-15 1-16 
3/27/56 2-22 2-08 0-14 1-08 
3/28/56 2-20 2-10 0-10 0:77 
3/31/56 2-14 2-05 0-09 0-69 
4/10/56 2-15 2-08 0-07 0-54 
4/11/56 2-25 2-14 0-12 0-92 
4/13/56 2-24 1-97 0-27 2-07 
4/14/56 2-21 2-15 0-06 0:46 
4/15/56 2-10 1-87 0-23 1-76 
4/17/56 2-26 2-03 0-23 1:76 
4/18/56 2-14 1-87 0-27 2-06 
4/19/56 2-25 2:10 0-15 1:15 
4/21/56 2-16 1-97 0-19 1-46 
4/22/56 2-22 | 1-97 0-25 1:93 
4/24/56 | 2-21 2-16 0-05 0-39 
4/27/56 | 2-23 1-98 0-25 1:93 
5/2/56 2-22 1-99 0-22 1-69 
5/5/56 | 2-21 2-06 0-15 1:15 
5/6/56 2-21 | 1-99 0-22 1-69 
5/8/56 | 2-20 2-10 0-10 0-77 
5/9/56 | 2-10 1-87 0-23 1:76 
5/11/56 | 2-25 2-12 0-13 | 1-00 

















The average value for the absorbed ‘‘soft component” equals 1-261; the lowest reading was 0-397 and 
the highest reading was 2-15J (I stands for ion pairs per sec). 
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Fig. 2. Position 1 (the chamber even with the top of the iron house). 
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Fig. 3. Position 2 (with the walls of the iron house built up to one-half 
the height of the chamber). 
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The mean fraction of ionization caused by particles which cannot penetrate the iron walls is 
0-163 of the total amount of ionization which would result if the chamber were not in the iron 
house. 

In this second position with the graphical method of integration the mean fraction of ioniza- 
tion caused by particles which cannot penetrate the iron walls is equal to 0-033 of the total 
amount which would result if the chamber were not in the iron house. 

Subtracting 0-033 from 0-163, giving a value of 0-13, the fractional component of this non- 
penetrating radiation resulting from the difference in the two positions is determined. If the 
difference in the total radiation for the two positions is divided by this value (0-13), a measure of 
the total soft component will be obtained. The residual wall-radiation ionization will be 
eliminated by the subtraction process. 

This ‘“‘soft component,” consisting of positive and negative electrons, photons, and also slow 
mesons, cannot be analysed further by this ‘“‘well-method.’’ It might be interesting to note, 
however, that the greatest ionization took place on 23 February 1956, and it was on this day 
that the astronomical observatories recorded violent eruptions on the surface of the sun. All 
measurements were taken at approximately the same time each day between 1100 a.m. and 
1400 p.m. A complete summary of the experimental values is given in Table 1. There seems to be 
no connection between the fluctuations and changes in weather conditions. 


DIscuUssION 


From a theoretical viewpoint it would be difficult to justify the ionization 
measured in this experiment as produced by the gamma radiation from the natural 
decay products of the radium and thorium in the atmosphere. Hess (1943) found 
that the radon content of the air on the campus of Fordham University 
was about 10-1® curie per cm’. The gamma-ray effect at ground-level would be 


expressed by g, = ak { me~* dr, where m = 10-16 curie per cm?, Assuming a 
J0 

value of K (Evr’s constant) as 4-8 x 10°J per gram Ra per cm’, and an absorption 

coefficient y for the gamma rays of RaC in air to be 4-6 x 10-*° cm~1, the resulting 

value of Q would be 0-0657. If one considers that the gamma rays from ThB and 

ThC in the atmosphere are about equal to that from the radon decay products, 

then this value of 0-0657 would have to be doubled, resulting in a value of 0-13/. 

In 1951, W. F. Burns carried out a great number of experiments, using an 
absorption method, and arrived at a value of 0-71/ for the total air radiation 
(Burns, 1952). This value is some five times greater than expected. The average 
value as obtained by the ‘‘well-method” previously described in this paper is 
1-261, which is approximately 75% greater than the experimental value of BurNs 
and approximately ten times greater than the theoretical value of the air radiation 
computed by Hzss (1943). 

It has been quite well established that the cosmic-ray intensity for any particular 
locality remains quite constant (there may be deviations in ionization measurements 
due to solar bursts or severe magnetic storms), and yet the measurements with the 
‘“‘well-method”’ experiment indicate great daily fluctuations. It seems reasonable 
to conclude that this variable amount of “soft radiation” is probably due to the 
increasing contamination of the air with radio-activity from the many atomic 
explosions. 

In July 1945 (SmyTH, 1946) the first atomic bomb was exploded in the western 
part of the U.S., and up until 1956 some sixty-seven atomic detonations have been 


192 





Measurement of the soft component of cosmic radiation by an absorption “‘well method” 


carried out by the U.S. Government alone, not considering those exploded by the 
other nations of the world. This could already account for the rise in radiation as 
measured by Burns in 1951 and the now greater values observed in 1956. 

It is reasonable to assume that this contamination is not evenly distributed in 
the atmosphere, and this would account for the fluctuations which have been experi- 
enced. On four occasions during the five-month period in which these experiments 
were carried out a single ionization measurement showed a rise to almost three times 
the well-established average values obtained at that time. It is possible that this was 
due to a concentration of radioactivity in a cloud above the ionization chamber near 
enough to cause this very large reading. 

If our assumption is correct regarding the cause of the increased gamma-ray 
ionization produced in the atmosphere, then it is obvious that year after year 
repeated experiments in atomic explosions may contaminate the atmosphere to the 
extent where detrimental effects will result. 
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The correlation of radio-star-scintillation phenomena with 
geomagnetic disturbances and the mechanism of motion of 
the ionospheric irregularities in the F region 


M. Daae * 


Jodrell Bank Experimental Station, University of Manchester 
(Received 21 November 1956) 


Abstract—The paper describes an experimental investigation of the relation between the phenomena of 
scintillations of the radio stars and geomagnetic disturbances. A close correlation is found between the 
magnitude of the variations in the earth’s magnetic field and F’-region drift velocities as determined by the 
radio-star scintillation method. There is also occasional correlation between the amplitude of the 
scintillations and the magnetic variations. These results and those concerned with the reversals in drift 
directions are shown to be in agreement with the predictions of Martyn’s theory, which ascribes the 
F-region phenomena to the interaction of the earth’s magnetic field with an electric field communicated 
from the dynamo region. 


1. INTRODUCTION 


THE first indications of a relation between geomagnetic activity and the drift 
speeds of the electron concentrations in the F region were observed during aurorae 
when the radio-star scintillation rate increased fourfold, and LirrLe and MAXWELL 
(1952) found a significant correlation between scintillation rate and the magnetic 
K index. (Radio-star scintillation rate is roughly proportional to drift velocity 
(MAxwELL and Daaa, 1954)). Hewisx (1952) also found a correlation between K 
index and east—west drift velocity, using radio-star scintillations. BEYNON and 
THOMAS (1954), using a pulse sounding technique on the F region, found a corre- 
lation between drift velocities measured on several groups of days and the mean 
daily summation of K indices for those days. They also mentioned that the corre- 
lation remained good in more detailed observations. 

A more extensive investigation of this relation has been carried out at Jodrell 
Bank since 1952, and the first year’s results have been reported by MAXWELL (1955). 
These and subsequent work are described in this paper, and the results are discussed 
in relation to MaRTYN’s theory of the mechanism of motion of the F-region clouds. 


2. APPARATUS 


The F-region drift velocities were measured with the spaced three-receiver equipment de- 
scribed by MaxweE tt and Daae (1954). The 1955-56 observations of the times of reversals in 
direction were made using a similar set of equipment at reduced base lines. The long-term 
observations of radio-star scintillations were made using an equatorially mounted array con- 
sisting of six full-wave dipoles and reflector. The axis of the mounting was driven so that the 
main beam of the aerial was continuously directed at the radio source in Cassiopeia. The 
receiver was of conventional superheterodyne design, and the output was recorded on a pen- 
recording milliammeter. 





* Now at East African Agricultural and Forestry Research Organization, Kenya. 


194 





The correlation of radio-star-scintillation phenomena with geomagnetic disturbances 


3. RESULTS 


(a) K index versus drift velocity. The F-region drift velocities measured in 
1952-53 by the three-receiver method have been compared with the corresponding 
K indices (mean of Eskdalemuir and Lerwick K indices). The results for the region 
400-900 km north of Jodrell Bank (radio source in Cassiopeia near lower culmina- 
tion) are shown in Fig. 1. The full line is drawn through the mean value of the 
drift speed at each K index and the standard deviations from the mean are shown. 
It is clear that there is a marked correlation between the drift speed and the K 


index. 
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Fig. 1. Drift velocity vs. K index. 


(b) Absolute changes in magnetic field intensity versus drift velocity. The curve 
shown in Fig. | is not a straight line, but this is not unexpected, as the K index is 
not a linear scale. By using the relevant scaling factor for the Lerwick magnetic 
observatory (K = 9 = 1000 y), the mean drift velocities have been compared with 
the corresponding magnetic field changes, as shown in Fig. 2. 

The drift speed is now seen to vary almost linearly with field changes up to about 
200 »y (= K = 5): for greater changes the magnetic field increases more rapidly 
than does the drift velocity. It is clear that the drift velocity is sensitive to very 
small changes in the magnetic field. 

(c) Detailed correlation between magnetic-field changes and fluctuation rate. The 
response of the F-region drift velocity even to small magnetic changes prompted an 
investigation beyond the 3-hour K index into the detailed correlation between the 
minute to minute magnetic changes shown on magnetograms and variations in drift 
velocity. Clearly it would be impracticable for three-receiver measurements to be 
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made in such detail, but variations in the velocity are reflected in the fluctuation 
rate, and it was possible to compare rapid changes in fluctuation rate and amplitude 
over periods of several hours with detailed magnetic disturbances. 
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Fig. 2. Geomagnetic field changes vs. Drift velocity. 
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Fig. 3. Lerwick magnetogram 1-2 April 1955. Cassiopeia fluctuations. The fluctuation 
rate is the number of maxima per minute. The fluctuation amplitude is expressed as a 
percentage of mean source intensity. 























During the period July 1954 to July 1955 comparisons of fluctuations were made 
in this way with sixty-seven selected magnetograms from Lerwick and Eskdale- 
muir.* The selection was made on the basis of interesting fluctuation records. 
From these a few comparisons have been chosen to illustrate the principal results 
from this investigation (Figs. 3, 4, 5, 6). The curves showing the fluctuation rate 
and amplitude are based on 10-min mean values. 


* The magnetograms were kindly made available by the Superintendent, Meteorological Office, 
Edinburgh. 
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The results may be summarized as follows: 

(i) There was found to be a close correlation between changes in fluctuation rate 
and changes in the magnetic field, particularly changes in the vertical component 
of the magnetic field. 

(ii) Close correlation was found between fluctuation amplitude and magnetic- 
field variations on some occasions, but no correlation at all at other times. 

(iii) The fluctuation amplitude tended to correlate more closely with changes in 
the horizontal component than with the vertical component of the magnetic field. 


ili ee 


Fluctuation rate 


Fluctuation amplitude 

















nes ae 


21h OOh O3h O6h 


Fig. 6. 5-6 January 1955, Lerwick magnetogram. Cassiopeia fluctuations. The fluctuation 
rate is the number of maxima per minute. The fluctuation amplitude is expressed as a 
percentage of mean source intensity. 








In more detail, Fig. 3 shows the correlation between both fluctuation rate and 
amplitude and magnetic variations. On the basis of the number of observations 
made, the correlation shown is rather better than average for the fluctuation rate 
and considerably better than average for the fluctuation amplitude. 

Fig. 4 demonstrates a typical case where the amplitude showed the normal 
diurnal variation while the magnetic field was quiet but did not respond markedly 
to the sudden disturbance at 0130, whereas the fluctuation rate shows fairly good 
correlation throughout the night. However, if the magnetic changes are large and 
occur between the hours of 1800 and 0000, then both fluctuation rate and amplitude 
show close correlation with magnetic changes, as shown in Fig. 5. 

On a few occasions, such as that illustrated in Fig. 6, the magnetic changes 
showed higher correlation with the fluctuation amplitude than with the fluctuation 
rate. In each case the changes in the magnetic vertical component were small, 
which is in agreement with the general conclusion that the drift velocity changes 
correspond most closely to disturbances in the vertical component of the magnetic 
field. 
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4. Time DIFFERENCES BETWEEN GEOMAGNETIC AND 
SCINTILLATION CHANGES 


On several occasions time differences were clearly discernible between rapid 
changes in one of the magnetic elements and the associated change in fluctuation 
rate and/or amplitude. On most occasions some time difference was apparent but 
not defined clearly by a sharp leading edge, for instance time displacements can be 
seen in Fig. 3: two examples of clearly defined time differences are shown in Figs. 7a 


and 7b. 
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Fig. 7. Time differences between changes in fluctuations and geomagnetic field. (a) April 
22-23, 1955. (b) March 6-7, 1955. The fluctuation rate is the number of maxima per 
minute. The fluctuation amplitude is expressed as a percentage of mean source intensity. 


The point in the ionosphere under observation, using the Cassiopeia source, can 
be as much as 300 km east or west of the magnetic observatory at Lerwick. Thus, 
it is not surprising that time differences might be observed between associated 
ionospheric and magnetic changes. No detailed study of these time displacements 
has yet been attempted, but they could well be caused by a travelling current 
sheet responsible for a magnetic bay, such as that described and analysed by 


McNisH (1938). 


5. THe MECHANISM OF THE MOVEMENTS IN THE F REGION 


All the movements in the ionosphere detected by radio methods refer to the 
motion of inhomogeneities in the electron density in the atmosphere and not 
necessarily to the motion of the neutral air molecules. Measurements of movements 
in the upper levels of the F region have been made from time differences between 
identical radio-star scintillations recorded at three triangularly spaced receivers 
(MAxwELL and Litt, 1952; Hewisu, 1952; and MaxweLt and Daag, 1954). 
MarTyN (1953) has shown that it is highly improbable that such movements of the 
ionized gas can be caused by atmospheric winds in the F region, for any movement 
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produced mechanically would be subject to powerful electromagnetic damping 
because the F region is effectively shunted by the highly conducting lower regions 
of the ionosphere. Martyn (1955) has therefore suggested that the observed drifts 
in the F region are due to the interaction of the earth’s magnetic field and an 
electric field communicated to the F region from lower levels. The experimental 
results given above will now be discussed in relation to this theory. 

(a) Correlation of drift velocity with geomagnetic activity. MARTYN (1953) has 
shown that the large east-west motions in the F region that have been observed can 
only be produced by north-south electric fields interacting with the earth’s mag- 
netic field. He has suggested that these electric fields are generated by winds in 
the ‘dynamo’ region and communicated to the F region along the highly-con- 
ducting magnetic lines of force. (The conductivity along the magnetic lines of force 
is so much greater than in any direction transverse to them that they are essentially 
equipotentials, and thus the F region is closely coupled to the lower regions of the 
ionosphere.) The “dynamo” region is that region in which the currents flow which 
cause the transient variations in the earth’s magnetic field according to the well- 
known atmospheric dynamo theory (CHAPMAN and BarTELS, 1940). According to 
BaKER and Martyn (1953) this region is situated at a height between 110 and 
150 km in temperate latitudes. 

The reversals in drift direction from west to east which are sometimes observed 
near midnight by the radio-star technique Martyn (1955) explains.in terms of a 
field (and current) system that reverses in direction near midnight. Such a current 
system was derived by CHAPMAN (1935) to account for the disturbance daily 
variation, S,, of the earth’s magnetic field. Thus reversals in drift direction at 
midnight might be expected on geomagnetically disturbed days but not on quiet 
days, when the S, magnetic variation would predominate. 

It follows from this theory that the velocities of drifts observed in the F region 
should be closely correlated with geomagnetic disturbances, as they arise from the 
same electric-field system in the dynamo region. The experimental observations of 
this effect have been discussed in Section 3. 

It is of interest to note that both Figs. 1 and 2 suggest that the curve does not 
pass through the origin but denotes a residual drift velocity of about 20 m/s at K = 
0. It is suggested that this corresponds to the quiet-day magnetic variation S,, 
which is excluded from the K index. At the geomagnetic latitude of England, 
MarTYN (1955) has estimated that the maximum value of the eastward (noon) 
drift velocity due to the S, system will be 34 m/s, with a secondary westward 
maximum at midnight. Thus, experiment and theory are in good agreement on 
this point. 

(b) Correlation of fluctuation amplitude with geomagnetic activity. The occasional 
correlation between fluctuation amplitude and geomagnetic activity is of more 
significance for any theory of the origin of the ionospheric irregularities responsible 
for radio star scintillations than for theories of their movement. Therefore a 
discussion of this effect is left to a subsequent paper concerned with the origin 
of the ionospheric irregularities. In section 3 it was pointed out that on a few 
occasions the magnetic changes were more closely correlated with the fluctuation 
amplitude than with the fluctuation rate. It was also pointed out that in these 
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cases the changes in the vertical component of the magnetic field were small. 
It is of interest to enquire whether this is in agreement with Marryn’s theory. 
In their consideration of the conductivity in the ionosphere, BAKER and MartTYN 
(1953) came to the conclusion that the most important conductivity in middle and 
high latitudes was the transverse conductivity. Thus a north-south field would 
produce an east—west current in the dynamo region and an east-west drift in the 
F region. The most likely cause of a decrease in the vertical component is an east— 
west current flowing somewhere to the north of Lerwick. Therefore, it would be 
expected that the fluctuation rate would correlate most closely with changes in the 
vertical field strength. In the case of the magnetic disturbance of 5—6 January 1955, 


A 


A RU py 


2130 
Fig. 8. Reversal, 10 October 1951. 
A. Home station 
B. 3 km south-east 
C. 3-9 km south 








(Fig. 6) the magnetic variations are consistent with a southerly current passing 
overhead with an overall westerly drift. The field producing this current would be 
east—west and not likely to cause much change in the east—west F-region velocity. 
North-south components in velocity would not change the fluctuation rate 
appreciably (SPENCER, 1955). 

(c) Reversals in drift direction. If the driving field system was that of the S, 
magnetic variation, then reversals in drift direction in the F region would be 
expected at 1800 and 0600, which is the normal case as observed by pulse sounding 
techniques. Reversals at these times would not usually be observable by the 
radio-star-scintillation method. Martyn suggested that the reversals in drift 
direction near midnight that are sometimes observed by the radio-star method 
were due to the development of an Sp electric field system in the dynamo region. 
Fig. 8 shows tracings of scintillations recorded at spaced receivers at the time 
of a reversal. 

It would follow that in times of moderately severe magnetic disturbance a 
reversal in drift direction should be observed about midnight. However, CHAPMAN 
(1935) distinguished two stormtime magnetic variations, Sp and Dg,: the effect of 
the latter would cause the reversal to take place somewhat earlier, if both systems 
have a similar origin. At times of great magnetic storms accompanying aurorae, 
radio-echo observations from Jodrell Bank show a reversal in drift direction, at a 
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height of 120 km, at 2130. Thus, the time of reversal measured by the radio-star 
scintillation technique might be expected to vary between 0000 and 2130, depending 
on the degree of disturbance of the magnetic field and the relative contributions of 
the S, and Dg, systems. 

Three-receiver observations of scintillations extending at least from 2230 to 
0000 have been made on forty-five occasions in the periods May 1952 to April 1953 
and September 1955 to March 1956, and the results are presented in Fig. 9, where 
the time of reversal is compared with the degree of magnetic disturbance re- 
presented by the K, index. 
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Fig. 9. Comparison of time of reversal with magnetic K index. 


The result is far from conclusive, but it may be said that on the twenty-six 
occasions when no reversal was observed the mean value of K, was 2-5 and on the 
nineteen occasions when reversals were observed the mean value of K, was 4-0. 
Also, with one exception, on every occasion when the K, index was greater than 4, a 
reversal was observed. Furthermore, there was a tendency for the time of reversal 
to be earlier when the K,, index was high. 


6. CONCLUSIONS 


The detailed correlation between the drift velocity of the ionospheric irregu- 
larities responsible for radio-star scintillations and the variations in the earth’s 
magnetic field is strong supporting evidence for the mechanism of motion of 
ionization in the F region proposed by Martyn. Furthermore, although more 
observations are required before a final conclusion can be reached, the demon- 
stration of magnetic control over the occurrence of reversals in drift direction is in 
good agreement with the theoretical prediction. The variation of the time of 
reversal with K indices greater than 4 suggest that the D,, current system also 
flows in the dynamo region. There is sometimes a close correlation between the 
scintillation amplitude and the magnetic variations. 
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Abstract—An equipment has been constructed to enable a long-term investigation to be made of the 
temporal variations of radio star-scintillations. A year’s observations are presented in terms of the 
monthly average diurnal variations of scintillations which are compared with monthly average diurnal 
variations of spread F and geomagnetic activity. 


1. INTRODUCTION 


THE early investigation of radio-star scintillations (LITTLE and MAXwELL, 1951; 
RyLE and HeEwisuH, 1950) showed that their most distinctive feature was the 
marked diurnal variation in occurrence. This was similar to that shown by 
spread F ionospheric echoes, and there was a positive correlation between the 
occurrence of spread F and scintillations. LirrTLe (1951) and HewisH (1951) 
showed that irregularities in the electron density of the F region could be respon- 
sible for the scintillation of radio stars, but the origin of the ionospheric irregularities 
remains uncertain. Alternative suggestions involving accretion (RYLE and 
HeEwisH, 1950), or internal turbulence (MAXWELL, 1954) have been suggested. 
Such theories of the origin of these irregularities can be tested most satisfactorily 
against observations accumulated over a long period. 

An equipment was designed therefore at Jodrell Bank to facilitate a long-term 
investigation of radio-star scintillations. This paper describes the equipment 
used and the analysis of results over a l-year period. A comparison is made 
with the corresponding spread F and geomagnetic activity. The interpretation 
of these results will be considered in a later paper. 


2. EQUIPMENT 


The equipment consisted of an aerial system directed at the radio star in 
Cassiopeia and a sensitive receiver, the output of which was measured by a pen- 
recording milliammeter. 

(i) Aerial. The aerial consisted of a broadside array of six full-wave dipoles 
with a reflecting screen, which gave a beam width to half-power of +12° in the 
E plane and +18° in the H plane. The array was assembled on an equatorial 
mounting at an angle of 31° to the axis, and was driven by an electric motor 
through a gear reduction of about 2 x 10°, so that it rotated once each sidereal 
day. Thus, the aerial system, once set at the correct azimuth, followed the radio 
star in Cassiopeia continuously and an unbroken record of the radio emission 
was received. The tolerances in the accuracy of following were large, as the beam 
width was about 3 hours in terms of the motion of the source. 

(ii) Receiver and pen-recorder. The receiver was of usual superheterodyne 
design with an overall gain of about 10°. The operating frequency was 79 Mc/s. 





* Now at East African Agriculture and Forestry Research Organisation, Kenya. 
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The input bandwidth was 0-6 Mc/s and the output time-constant 0-5 sec. A 
preamplifier consisting of two grounded grid stages gave a noise factor of about 4, 
which resulted in a noise ripple due to the receiver less than that due to the 
galactic background radiation in the direction of Cassiopeia. In the analysis, 
only scintillations with a mean amplitude greater than 5% of the total intensity 
of the Cassiopeia source were used, and these were clearly distinguishable from 
the noise ripple. 
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Fig. 1. Some examples of scintillation records from the Cassiopeia source. 
horizontal and amplitude vertical (arbitrary units). 


The output of the receiver was measured on a pen-recording milliammeter, 
which gave a full-scale deflection of 6 in. for a current of 2mA. The chart speed 
was 6 in. per hour, except in cases of very rapid fluctuations, when it was increased 
to 12 in. per hour. 

(iii) Calibration. A noise diode was used as a standard noise source to calibrate 
the input-output characteristics of the receiver. The input power due to the 
radio source in Cassiopeia was calculated from the published value of its intensity 
at 81-5 Mc/s (Pawsry, 1955), and the gain of the aerial which was estimated 
from its dimensions. The final estimate of the mean intensity of the source in 
terms of the receiver output was probably accurate to about 20%. The receiver 
gain was chosen so that the mean intensity of the source was equivalent to a 
deflection of 0-6 mA on the pen-récorder. Under these conditions the radio noise 
due to the source and the background radiation gave a deflection of 1-64mA 
when the aerial was rotated on its axis. This operation provided a convenient 


daily calibration mark. 
Some examples of scintillation records obtained are shown in Fig. 1. 
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3. METHOD oF ANALYSIS 


(i) Fluctuation rate and amplitude. The analysis of the records was made 
by assigning a mean value of fluctuation rate and amplitude to each half-hour 
period. 

The fluctuation rate (maxima per minute) was determined by counting the 
total number of maxima every half-hour. To achieve consistency in estimates of 
fluctuation rate between large and small fluctuations, only those greater than 
10% of the mean amplitude were counted. 





Cassiopeia 


i bs 
oe 


‘ 











Fig. 2. The intersection of the line of sight from Jodrell Bank to Cassiopeia with the 
400-km region (--—-—). The relative location of observatories from which ionospheric 
and magnetic data were obtained is also shown. 


The mean peak to peak fluctuation amplitude was assessed visually in terms 
of chart divisions and afterwards converted into a percentage of the source 
intensity by comparison with the nearest calibration mark. The visual estimates 
were checked periodically by detailed measurements on individual fluctuations: 
the accuracy remained within 20%, despite large variations in amplitude and rate. 

(ii) Presentation of results. The results are presented in terms of monthly 
mean diurnal variations of fluctuation amplitude, fluctuation rate, and occurrence 
of fluctuations greater than 5% of the mean intensity of the source. 

The monthly mean fluctuation rate was determined by summing the observed 
fluctuation rates for each half-hour period over the month and dividing by the 
number of days on which fluctuations were observed. This procedure meant that 
when the occurrence of fluctuations was low, the statistics of the average 
fluctuation rate were very poor. Furthermore, the occasions when fluctuations 
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were observed outside the usual hours of about 1800 to 0400 often coincided 
with disturbed magnetic conditions, and the fluctuation rate therefore tended 
to be higher than the overall average (Dace, 1957). This helped to make the 
statistical average even more misleading. Thus the monthly average diurnal 
variation of the fluctuation rate is only significant in general between ‘the hours 
of 1800 and 0400 when the statistics are fairly good in most months. 

(iti) Geographical considerations. The geographical region of the ionosphere 
under observation varies considerably in the course of one day as the radio source 
changes in elevation and azimuth. The intersection of the line of sight to the 
source from Jodrell Bank with the 400-km level of the ionosphere is shown in 
Fig. 2. In comparing the fluctuations with spread F, the ionospheric data were 
taken from the Inverness station (published in monthly bulletins of ionospheric 
characteristics by the Radio Research Station, Slough). Magnetic data were 
taken from whichever of the magnetic observations of Lerwick and Eskdalemuir 
was the most suitable at the time of day. 

Two other factors arise which tend to confuse the interpretation of the results 
in terms of a diurnal variation and either mask genuine seasonal changes or 
introduce spurious effects: 

(a) The sidereal motion of the radio source results in the observations being 
made at lower culmination at night in winter and during the day in summer 
(and vice versa at transit). 

(b) The fluctuation amplitude shows a marked dependence on zenith angle 
(HEwisH, 1952). This may be a genuine zenith angle effect or may be due to 
the increase in latitude of the region under observation. 


4. DIuRNAL VARIATIONS OF FLUCTUATIONS — SPREAD F AND MAGNETIC ACTIVITY 


Observations for the year August 1954 to July 1955 have been analysed as 
described in the previous section. The results are based on 6166 hours of obser- 
vations, i.e. about 70% of the possible time. In every month the results referred 
to more than 50% of the available days, but the statistics are in general better 
for the months of 1955 than 1954. The most reliable months were March, April, 
June, and July 1955, when observations were made on 90% of the available time. 

(i) Monthly average diurnal variations. The monthly average diurnal variations 
of occurrence of radio-star scintillations, their amplitude and fluctuation rate, 
and occurrence of spread F echoes at Inverness are shown in Fig. 3, 4, and 5. 
Also shown is the monthly average diurnal variation of the degree of disturbance 
of the earth’s magnetic field, as represented by the summation of the K indices 
over the month for each 3-hour period. The lightly dashed curve in the scintillation 
occurrence diagram is the yearly average diurnal variation. 

The salient features of the diurnal variations are the general agreement of 
the occurrence of fluctuations and spread F and the correspondence in the decline 
of fluctuation amplitude, fluctuation rate, and magnetic disturbance after midnight 
(especially clear in the months of March and April, which have very good 
statistics). It is also clear that the peak in occurrence of spread F is several 
hours later than that of the scintillations. 

(ii) Yearly average diurnal variation. The yearly average diurnal variations 
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Fig. 3. Monthly average diurnal variations of radio-star scintillations for August 1954 

to November 1954 
(a) fluctuation occurrence, 
(b) fluctuation amplitude, 


(c) occurrence of spread F at Inverness, 
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(d) fluctuation rate compared with summation of magnetic K indices (X K) 
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Fig. 4. Monthly average diurnal variations of radio-star scintillations for December 1954 
to March 1955 
(a) fluctuation occurrence, 
(b) fluctuation amplitude, 
(c) occurrence of spread F' at Inverness, 
(d) fluctuation rate compared with summation of magnetic K indices (2 K). 
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Fig. 5. Monthly average diurnal variations of radio-star scintillations for April 1955 
to July 1955 
(a) fluctuation occurrence, 
(b) fluctuation amplitude, 
(c) occurrence of spread F' at Inverness, 
(d) fluctuation rate compared with summation of magnetic K indices (= K). 
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are shown in Fig. 6. It is clear that the same general characteristics are shown 
in these diurnal variations as in the monthly averages. A comparison of the 
yearly and monthly average variations in occurrence of scintillations shows that 
there is little seasonal variation in the time of occurrence of scintillations; the 
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Fig. 6. Yearly average diurnal variations of radio-star scintillations (August 1954 to 
July 1955) 
(a) fluctuation occurrence, 
(b) fluctuation amplitude, 
(c) occurrence of spread F at Inverness, 
(d) fluctuation rate compared with summation of magnetic K indices (X K). 


latitude effect is apparent mainly in the greater occurrence of scintillations during 
the day in summer, when Cassiopeia is at lower culmination, than in winter when 
the source is in transit during the day. 


5. Discussion 


The diurnal variation of the occurrence of scintillations shows a fairly rapid 
rise after 1800 to a peak about 2130, then a gradual fall to a minimum at about 
0600 to 0800. The daytime occurrence is slight and shows no regularity. The 
amplitude variation agrees in general with the variation in occurrence, but the 
peak is more distinct. No marked seasonal variation is shown in the time of 
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occurrence of scintillations. The seasonal variation in the amplitude, which 
corresponds with that of the magnetic activity, will be considered later. 

The diurnal variation of occurrence of spread F' shows a much slower rise, 
a broad peak at about 0200 and a fairly rapid fall at about 0500. Spread F shows 
a marked seasonable variation, being more frequent and commencing earlier in 
the night in winter than summer (this is well known, cf. BooKER and WELLS, 
1938; REBER, 1954). 

The diurnal variation of fluctuation rate is unreliable before about 1800 and 
after about 0400, but starting at 1800 there is a slow rise in fluctuation rate to 
~o 100, 


°o 


Fluctuation amplitude 
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Fig. 7. Comparison of radio-star scintillation amplitude with the magnetic K index. 


a peak at 2100, then a steady fall to a low value at 0400. The diurnal variation 
of magnetic disturbance, as would be expected (Daae, 1957), is similar to that 
of the fluctuation rate. However, the general similarity between the fluctuation 
rate, magnetic activity, and the fluctuation amplitude, especially the steady 
decrease after midnight, is a result which would not have been expected from 
earlier work published by Herwisu (1952). HeEwisu found that there was no 
one-to-one correlation between fluctuation amplitude and magnetic activity 
(or fluctuation rate). In view of the general correlation found in the diurnal 
variations, HrwisH’s work was checked by comparing individual values of 
amplitude over 3 hours with the corresponding K index. 

(i) Fluctuation amplitude versus K index. The comparison of fluctuation 
amplitude with magnetic disturbance is shown in Fig. 7. The results refer only 
to the hours 1800 to 0300 of three months, February, March, and April 1955. 
It is clear that this investigation was in agreement with Hrwisn’s result and 
that the general correlation over a long period was not due to different circum- 
stances in different years of observation. 

It follows that there is no one-to-one correlation between magnetic activity 
and fluctuation amplitude, but over an extended period a correlation is found. 
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(This might have been deduced from previous results (DaaG, 1957) which showed 
that there was sometimes very close correlation between magnetic activity and 
fluctuation amplitude.) 

(ii) Correlation between occurrence of scintillations and spread F. The results 
of LitrLe and Maxwe tu (1951) and RyLe and HewisH (1950) showed that 
scintillations and spread F tended to occur on the same nights. However, Figs. 3 
to 6 show clearly that the peak of occurrence of scintillations is about 4 hours 
earlier than that of spread F and that there is a seasonal variation in the occurrence 
of spread F which is not apparent in the observations of radio-star scintillations. 
The present results and the earlier observations could be reconciled if the 
ionospheric irregularities responsible for the two phenomena were produced by 
the same mechanism, but that some other factor was affecting one but not the other. 

It is suggested that the blanketing by the F region is a factor that will 
influence the observation of spread F but will not affect radio-star scintillations 
observed at 79 Mc/s. When spread F at Huancayo was investigated by BooKER 
and WELLS (1938), they suggested that the diurnal variation in occurrence of 
spread-F echoes was due to the blanketing of the backscatter from the irregularities 
responsible for spread F’, and that these irregularities were present throughout 
the day. When the correlation between the occurrence of spread F and radio- 
star scintillations was discovered, it was thought that the scintillations showed 
the true time variation in occurrence of the ionospheric irregularities and that 
the blanketing effect was not of primary importance (WELLS, 1954). 

However, Booker and WELLS showed clearly that the F region could have 
a marked effect on the observation of spread-F echoes, and it is suggested that 
the slow rise in the spread-F diurnal curve from 1800 to 0200 (compared with 
that for scintillations) is due to blanketing by the F region, the critical frequency 
of which is falling over this period. Thus spread-F echoes could be caused by 
the same ionospheric irregularities as those responsible for radio-star scintillations 
and yet have a peak in diurnal occurrence several hours later than that for 
scintillations. The seasonal variation in occurrence of spread F, there being 
less spread F in summer than winter, is readily explicable in terms of F-region 
blanketing, as the F-region critical frequency is higher in summer than winter. 


6. CONCLUSION 


The monthly average diurnal variations of radio-star scintillations have been 
compared with those of spread F and geomagnetic activity. A marked correlation 
is found between the diurnal variations of scintillation-rate amplitude and 
geomagnetic activity. The correlation between scintillation amplitude and 
magnetic activity is not found on an hour to hour basis. The diurnal maximum 
of occurrence of scintillations is found to be several hours earlier than that of 
spread F. It is suggested that this is due to the blanketing of spread-F echoes 
by the main F region in the early part of the night. 
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The frequency dependence of radio reflections from aurora* 
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Abstract—Auroral radio reflections have been observed at a number of frequencies between 30 and 50 Mc/s 
using continuous-wave transmitters located at a distance of 860 km from the receivers. The relative 
amplitudes of signals observed simultaneously at the different frequencies are found to vary widely. 
The experimental results are compared with those which would be expected for each of five different 
scattering mechanisms which have been proposed to explain auroral reflections. It is concluded that 
within small regions of the aurora the ionization is often sufficiently intense to cause complete reflection at 
these frequencies. Some evidence is presented which indicates that absorption may contribute signifi- 
cantly to the observed frequency dependence. 


INTRODUCTION 


Rapio reflections from aurora were observed nearly twenty years ago by HaRANG 
and STOFFREGAN (1938), but it is only in the last nine years that the subject has 
received intensive study. Starting with the observations of LovELL, CLEGG, and 
ELLYETT (1947) and their subsequent interpretation by HERLOFSON (1947), there 
have been a number of attempts to explain the mechanism by which radio waves 
are scattered in an auroral structure. HERLOFSON suggested that the radio waves 
were partially reflected at a nearly-plane interface between ionized and non- 
ionized regions. Later, ASPINALL and Hawkins (1950) modified this picture; 
they assumed that the partially reflecting surface was in the form of a cylinder 
with its axis lying along the lines of force of the earth’s magnetic field. In both 
cases the amplitude of the reflected signal was explained in terms of relatively 
small free electron densities within the auroral structure. By assuming that the 
auroral structures were nearly transparent to the radio waves and also that most of 
the reflected energy was directed back toward the receiver, it was possible to 
interpret the observed echo amplitude as indicating free electron densities within 
the aurora of the order of 10° electrons per cm*. Another type of interpretation 
which also postulated relatively low electron densities was first advanced by 
Moore (1952) and later in modified form by BookER, GARTLEIN, and NICHOLS 
(1955). These authors suggested that the auroral structure consisted of many long 
narrow columns of ionization, each of which scattered the radiation coherently, in a 
manner which was similar to the scattering of radio waves by individual under- 
dense meteor trails. Both this approach and the “‘partial reflection”’ interpretation 
required that the auroral structure be oriented in such a way as to permit the 
reception of the specularly reflected energy (i.e. that the axis of symmetry of the 
structure be perpendicular to the direction of incidence of the radio waves). 
Since it is known that auroral structures are oriented along the magnetic field of 
the earth, it was possible to test the hypothesis by experiment. From observations 
made by a number of observers in Alaska, Canada, Great Britain, and Sweden, 





* Contribution from the Radio Physics Laboratory of the Defence Research Board, Ottawa, Canada. 
Work carried out under Project No. PCC D48-28-35-05. 
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it appears that while the auroral structures are quite aspect-sensitive, the incident 
radiation is spread out, after reflection, over angles of at least: +15° measured ina 
plane containing the magnetic field and over much larger angles in the plane which 
is perpendicular to the magnetic field. In view of this difficulty, BookER (1956) has 
recently presented a revised theory involving the presence of a great many partially 
reflecting “‘blobs”’ of ionization in the aurora, each blob being elongated along the 
magnetic field and having dimensions of about 7 m by 16 cm. 

In contrast, some authors have favoured the original suggestion of LovELL, 
CLeae@ and ELLyett that the electron density within at least small volumes of the 
aurora was sufficient to totally reflect the radio waves. Reflections which were some- 
times observed at a frequency of 100 Mc/s would indicate, according to this 
picture, ionized regions where the electron density was in excess of 108 cm-%. 

In an earlier paper, ForsytTH (1953) undertook to test the various competing 
interpretations which were current at that time, by studying the frequency 
dependence of the echoes. The experimental evidence consisted of auroral echo 
amplitudes measured simultaneously at two frequencies. It was found that the 
ratio of the amplitudes at the two frequencies was quite variable and frequently 
was too large to be explained by theories involving only low electron densities. 
The characteristics of the echoes were, however, consistent with the existence of 
many clouds or “blobs” of ionization, some of which were sufficiently ionized to 
reflect totally the incident radiation. 

As an alternative to the theory recently advanced by BookEnr, it may be noted 
that, if intensely ionized clouds are in fact responsible for the radio wave-scattering, 
the required degree of aspect sensitivity could result from a comparatively modest 
elongation along the magnetic field. If each cloud were a prolate spheroid, then the 
ratio of length to diameter might be of the order of 3 or 4, and the actual dimensions 
could be many times those suggested by BooKEr. 

It is the purpose of this paper to examine the reflection process in the light of 
more recent multifrequency data. In particular, these data are used to test for the 
occurrence of critical reflection from intensely ionized regions. Since the dimensions 
of the echoing region are not known, it is not possible to decide between the various 
possible reflection processes by measuring the signal at only one frequency. 
However, by measuring the echoes at several frequencies simultaneously, it should 
be possible to differentiate at least between critical reflection and those processes 
involving only low electron densities. The amplitude of the signal scattered from 
intensely ionized regions will change rapidly with frequency in the neighbourhood 
of the critical reflection frequency, and relatively slowly at frequencies far removed 
from the critical value. It is this characteristic which is used to distinguish 


between the scattering processes. 


EXPERIMENTAL ARRANGEMENT 


The earlier work (ForsyTH, 1953) made use of radar equipment operating at 56 and 106 Mc/s. 
The pulse lengths and antenna beam widths of the two equipments were not identical, so that it 
was not possible to ensure that identical volumesof the aurora were being examinedsimultaneously 
by the two radars. While allowances were made in the analysis for this effect, the precise 
correction which should be used differs for different assumed reflection mechanisms. It may also 
be postulated that quite different reflection mechanisms are operative at frequencies which are so 
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widely separated. Finally, the use of only two frequencies implies that the degree of frequency 
dependence can be investigated only after the form of the dependence is assumed. The present 
work overcomes these difficulties by using exactly scaled equipments and three more-closely- 
spaced frequencies. 

The equipment was installed initially for an investigation of forward-scattered signals from 
meteor trails (FoRsyTH and VocaANn, 1955). Four VHF transmitters are located at Greenwood, 
Nova Scotia, a distance of 860 km from Ottawa, and are operated continuously without modula- 
tion at an output power of 100 W. The resulting meteoric signals are received and recorded at 
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Fig. 1. 

(a) Map of Eastern Canada showing the locations of the transmitters (Greenwood) and 
receivers (Ottawa) and the probable location of the auroral structure which reflected 
the signals. 

(b) Vertical section looking east along the transmission path. 


Ottawa. The frequencies used are 32-22, 39-22, 48-82, and 49-98 Mc/s. The transmitting and 
receiving antennas are scaled exactly in proportion to the wavelength, both with regard to 
physical dimensions and to height above ground. The amplitudes of the received signals are 
recorded on moving chart recorders. In order to overcome the inherently slow response of the 
recording milliammeters, a peak-recording circuit is included in each system. This circuit 
maintains the peak value of each signal for a sufficient length of time to enable the recorder to 
respond. For a fading signal this circuit causes all fading components having periods of less than 
about 3 sec to be suppressed on the record. 

The recording equipment has operated continuously for more than a year. In addition to the 
intermittent meteor signals, many occasions have been noted on which there has been a more or 
less continuous signal on one or more of the frequencies. A detailed study of these periods of 
enhanced signals and their correlation with sporadic-E and magnetic activity is now in progress. 
It is hoped to report the results of this work separately. For the present it is sufficient to note 
that many of them appear to be associated with auroral activity. Characteristically, these 
signals are not of sufficient amplitude to have been reflected specularly from sporadic-EF ioniza- 
tion at the midpoint of the path, but they correlate well with the occurrence of auroral activity 
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to the north of the path and, when recorded on a high-speed recorder, show at least small 
amplitude fluctuations at frequencies up to 100 cycles per second. 

This paper will deal specifically with two occasions during which the enhancement of the 
signal was marked at all frequencies and about which there is little doubt concerning the auroral 
origin of the reflections. It seems most likely that the radio waves were reflected from aurora 
which was situated to the north of the direct transmitter-receiver path as indicated in Fig. 1. 


THE ABSOLUTE MAGNITUDE OF THE RECEIVED SIGNAL 


The appropriate form of the expression relating the transmitted and received 
powers to the auroral dimensions is dependent upon the mechanism by which the 
radiation is scattered. For specular reflection from a plane surface there should be 
only an inverse-square-law dependence on range. For specular reflection from 
cylindrical surfaces an inverse cube dependence upon range is appropriate. For 
spherically symmetric reflection or the more general case of multiple scattering 
there should be an inverse fourth-power dependence upon range. Without in any 
way attempting to prejudge the issue, the radar equation appropriate to wide- 
angle scattering is used here. In this way an effective cross-section for the auroral 
display is obtained. This cross-section may be used for comparison with other 
measurements, even though it has not yet been shown to have physical significance. 
The radar equation may be written in the form 


gt 6473 
P,G,G i? 


(R,’R,*) 


= cross-section of the auroral display. 
= received amplitude. 
received power corresponding to an amplitude A = 1. 
transmitted power. 
power gain of the antenna systems. 
l wavelength 
, = distance from transmitter to auroral display. 
R, = distance from receiver to auroral display. 


Taking P, to be the received power corresponding to a signal at the antenna 
terminals of 10-’ V, G,.= G, = 10, and R, = R, = 500 km; 


or designating the values of S and A appropriate to each of the wavelengths by a 
subscript which refers to the approximate value of the wavelength in metres, 


S, = 2-9 x 104 .A,? m? 
S, = 4:3 x 104 A,? m? 
S, = 6-6 x 104 .A,? m®. 
The observed range of A during an auroral display represents cross-sections for 


the highest frequency ranging from about 2 x 104 m* to 10’ m?, which may be 
compared with cross-sections ranging from 4 x 10° m? to 4 x 107 m? which were 
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observed at a slightly higher frequency during the earlier backscatter measurements. 
This comparison is intended only to indicate the relative sensitivities of the equip- 
ments and the magnitude of the observed effects. There is no justification for 
assuming that the auroral displays were comparable for the two sets of 


measurements. 
It is interesting to note that for a specular reflector at the midpoint of the path, 


the observed signal amplitudes at the highest frequency would correspond to 
power-reflection coefficients in the range 2 x 10-® to 10-5. 


THE VARIATION OF AMPLITUDE WITH WAVELENGTH 
For the case of scattering from a target of constant physical cross-section the 
received signal amplitude is proportional to the wavelength in use. A similar 
relation frequently exists even when the reflection process cannot be described in 
terms of a physical cross-section. For this reason in the following analysis a reduced 
amplitude A’ will be used instead of A, where, 


A’ = Ala. 


The discussion will be restricted largely to the three lower frequencies: 
32-22 Mc/s, 39-22 Mc/s, and 48-82 Mc/s, which are designated respectively by the 
subscripts 9, 8, and 6. The method to be followed is to examine each of the proposed 
reflection mechanisms to determine the appropriate value of the ratios X and Y 


where X = A’,/A’, 
and Y = A’,/A’,. 


These theoretical values can then be compared directly with the experimentally 


observed values. 
(i) Scattering from nonisotropic irregularities. It was shown by Booker (1956) 


that for scattering from nearly-transparent elongated irregularities, 
A’ «x exp —K/2? (1) 


where K is a constant which depends both upon the physical dimensions of the 
irregularities and the angle of incidence of the radiation. Hence 


X = exp K(8-7) 10-3 (2) 


Y = exp K(5-5) 107% (3) 


While K must be a constant for a given set of observations, it may be assumed to 
vary with time so that equations (2) and (3) will simply define a relation between 
X and Y with which the observed values should agree. 

(ii) Scattering from isotropic irregularities. The experimental evidence is 
thought currently to exclude the possibility that the scattering elements in aurora 
are spherically symmetric, but for the sake of generality the appropriate expressions 
are included here. According to BAILEY et al. (1952), the wavelength dependence is 


given by 
1 


T+ K]a (4) 


A’ 
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where K’ depends upon the physical dimensions of the irregularities and upon an 
angular parameter. Hence 
37:8 kK’ 
= ante 8 (1-55) 
58:5 + K 
58-5 =’ 
sone. — (1-48). 
864+ K 
In this case it is seen that the lowest permitted value of X or Y is unity, which 
occurs when K’ = 0; the highest values, which occur for K’ infinitely large, are 


X = 1-55 (7) 
and Y = 1-¢@ (8) 


(iii) Partial reflection from large surfaces. The mechanism first proposed by 
HeR.Lorson (1947) involves a discontinuity reflection at the interface between 
ionized and nonionized regions. For a sharp boundary, 


A’ «x J? 


and X and Y are given by equations (7) and (8) above. If the boundary of the 
ionized region is not thin, there is a further dependence upon wavelength which 
may be expressed by a factor which is similar to the right-hand side of equation (1). 
In this case, K is related to the thickness of the boundary. 

(iv) Scattering from long, thin columns. This mechanism, which was proposed 
by Booker and his associates, is similar to the scattering of radio waves by under- 
dense meteor trails. If the columns are very thin, the frequency dependence is 
given by 

A’ oc Au (9) 
hence 
Ao Y om ]-8] (10) 


If the column is not thin, then a factor similar to the right-hand side of equation (1) 
must be introduced also into equation (9). In this case, the constant in the exponent 
is related to the diameter of the column. 

(v) Scattering from intensely ionized regions. For each of the mechanisms 
discussed above it was possible to write an expression for the frequency dependence 
of the signal amplitude. In each case it was assumed implicitly that the electron 
density was everywhere much lower than that required to totally reflect the radio 
waves. These mechanisms have in common the characteristic that, for all of the 
frequencies concerned, the radio waves pass freely through the scattering region. 
On physical grounds, it is apparent that, even for mechanisms other than those 
mentioned, as long as the radio waves pass freely through the region there should 
exist a simple law relating the signal amplitude and the wavelength. On the 
other hand, it is not possible to establish a simple relation for the case of scattering 
from intensely ionized regions. In the earlier paper, it was suggested that an auroral 
display contains a number of intensely ionized clouds in which the actual electron 
density varies from minute to minute and from cloud to cloud. Under these 
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conditions the observed values of X and Y should vary between wide limits, and all 
combinations of these values are possible. The critical value of electron density at 
which the radio wave is totally reflected for each frequency is, 


Nog = 1:3 X 10? electrons per cm* 
Nog = 1:9 X 107 electrons per cm® 
Nog = 3-0 x 10’ electrons per cm’. 


Whenever the ionization within a cloud reaches one of these values, radiation of the 
corresponding wavelength (and all longer wavelengths) is strongly reflected. These 
values apply strictly only for the case of backscatter. There is some reason to 
believe that more exact values of the critical electron densities would be obtained 
by multiplying these figures by a constant factor cos? gy, where is one-half the 
angle between incident and reflected rays. Unfortunately, » is not known for the 
present measurements, but: it is extremely unlikely that the appropriate value of 
cos? » is less than 0-5. This factor will be ignored in the following discussion, 
but it should be remembered that the estimated electron densities may be too 
large by as much as a factor of 2. If, in fact, the aspect-sensitivity of the scattering 
centres were significantly greater than that indicated earlier, the uncertainty in the 
electron density would be reduced correspondingly, that is, the smallest permissible 
value of the factor cos* g would approach unity. 

(vi) Absorption. The presence or absence of absorption is not determined by the 
mechanism concerned. It is discussed here because it may also affect the wave- 
length dependence of signal amplitude. Absorption should introduce an additional 
factor into X or Y of the form, 


exp (—a(A,” — 4,”)) 


where « is an absorption coefficient and /, and A, are the appropriate wavelengths. 


THE XY DtaGRAmM 


It is convenient to discuss the behaviour of the ratios of signal amplitudes with 
the aid of a graph of X against Y. Such a graph is shown in Fig. 2. Considering 
first the set of curves marked A, the broken line is the curve derived from equations 
(2) and (3); the solid line is derived from equations (5) and (6) (the end of this line 
remote from the origin has the co-ordinates given by equations (7) and (8)), and 
the large solid dot indicates the co-ordinates given by equation (10). No curve has 
been included specifically to illustrate the case of partial reflection from a boundary 
of variable thickness (mechanism iii) nor has one been included for scattering from 
a long column of variable thickness (mechanism iv), since the appropriate curves 
may be approximated by slight displacements of the broken curve. 

The sets of curves marked B and C illustrate the effect of absorption. The set 
marked B is the same as that marked A, except that an additional factor has been 
included which represents an attenuation of the lowest frequency by 10 dB (and 
corresponding attenuations at the other frequencies). Curves C correspond to an 
attenuation at the lowest frequency of 20 dB. 

In the figure, the broken lines have been continued to the right-hand edge of the 
diagram because no termination is indicated in equations (2) and (3). In fact, 
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values of X much above 2 are not to be expected for mechanism (i). This is because 
such values indicate a correlation distance in the aurora which is much larger than 
the wavelength, and a corresponding decrease in signal amplitude. Similar 
reasoning applies in the case of mechanisms (iii) and (iv) when an exponential 
factor is included. In each case, the signal falls off rapidly with increasing X 
co-ordinate. For example, an increase of X from 1 to 3 corresponds to an attenua- 
tion of the signal by 20 dB. It is quite apparent that values of X as great as this 
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Fig. 2. 
The X Y diagram showing curves (A) which relate to various reflection mechanisms. 
Curves (B) and curves (C) show the modification to be expected in the presence of 
absorption. 


can not be considered appropriate to the mechanisms concerned without a drastic 


revision of the physical models upon which they are based. 
In Fig. 2, three areas are marked on the graph. These areas may be characterized 


by the following conditions: 

J: : > S, ee 4 
II: >, x>Y 
III: _o<e p  € 


From the foregoing discussion it is apparent that if the reflection mechanism is 
one of those which involve only low electron densities (i.e. mechanisms i to iv 
above) the observed values of X and Y should be confined largely to area III. If, 
on the other hand, mechanism (v) is appropriate, then the experimental points 
should be scattered more widely on the XY diagram. The electron density will 
certainly vary from cloud to cloud in the scattering region, but it may be assumed 
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that at any time it is possible to characterize the reflecting properties of an aggregate 
of the scattering clouds by some suitably weighted mean electron density, N. Three 
general conditions can be distinguished for different values of this electron density: 


I Noo <N< Mog 
hence A’',>A’,~ A’, and YSX-1 
and the experimental points should lie largely in area I; 
II Nos < N < Ny 
hence A’,~ A’, >A’, and XS>Y~1 
and the experimental points should lie largely in area IT; 
Ill Nog < N 
hence A’, A',~ A’, and X~ Yl 
and the experimental points should lie largely in area III. 
There is another condition, namely, N < Nog, for which the experimental points 
should fall in area III, but this case is trivial, since, if the clouds are large, only 


small signals will be observed. If, on the other hand, the clouds are small, then one 
of the other mechanisms will become important for small values of electron density. 


EXPERIMENTAL RESULTS 
The experimental results are plotted on X Y diagrams in Figs. 3 and 4. The 


observations shown in Fig. 3 were made at intervals of 2-5 min between 0540 
and 1100 UT on 25 February 1956. The widespread auroral display which occurred 
during this period is particularly interesting because it appears to have been 
associated with the intense solar flare of 23 February. During the night of 24-25 
February, aurora was reported over most of the northern and western parts of 
North America, covering at least the area from the western tip of Alaska to the 
mid-western states of the U.S.A. The eastern area of North America was cloudy 
during this interval, but there have been reports of auroral light observed spectro- 
scopically through cloud. -In the north-west a red auroral arc was seen between 
1015 and 1030 UT. 

In the diagram of Fig. 3 the plotted points are scattered widely, but fall most 
frequently in areas I and III. The experimental points which have a small hori- 
zontal bar associated with them indicate points for which the observable ratio was 
limited by the recording range of the equipment. In each of these cases the true X 
co-ordinate is greater than the value shown. It appears likely that the true positions 
of the points should be spread somewhat more uniformly over areas I, II, and III. 
The presence of a number of points to the left of the X = 1 axis suggests that there 
was some selective absorption of the radio waves. Absorption would tend to move 
the whole distribution of points diagonally toward the lower left-hand corner. 

Fig. 4 shows the observations for two separate periods on 3 March. For the 
earlier period (0830 to 1130 UT) the points are concentrated in area II, suggesting 
electron densities between 2 and 3 x 10’ electrons per cm*. There are some points 
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Fig. 3. The X Y diagram showing the experi- 
mental points derived from observations made 
during the auroral display of 25 February 1956. 
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Fig. 4. The X Y diagram showing the experi- 
mental points derived from observations made 
during the auroral display of 3 March 1956. 
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below the Y = 1 axis suggesting the existence of absorption. The points for the later 
period (1900 to 2300 UT) are widely distributed, but appear to fall mostly in area I. 
The distribution of these points is quite similar to that shown in Fig. 3 and suggests 
that during the interval in question the electron density was fluctuating through 
the range of values between 1 and 3 x 10’ electrons per cm*, and possibly beyond 
this latter value. 

A comparison of Figs. 3 and 4 with Fig. 2 suggests that the present results cannot 
be explained adequately in terms of any of the first four mechanisms discussed in 
the preceding section. As was indicated earlier, this is quite a general result. 
Any mechanism which involves only low electron densities implies the relatively 
free passage of the radio waves through the ionized region, which in turn implies 
that a simple relation between wavelength and amplitude should exist. 

It is interesting also to examine the amplitude of the signal received at the 
highest frequency (49-98 Mc/s). This frequency was too close to the next lower 
frequency (48-82 Mc/s) to be useful in the general treatment above, because 
characteristically the amplitudes observed on the two frequencies were approxi- 
mately equal. This is to be expected even for mechanism (v), since there is only a 
very small range of electron densities for which the amplitudes should be signifi- 
cantly different. On several occasions, however, the signal amplitude received at 
48-82 Mc/s was more than four times as great as that received at 49-98 Mc/s. 
So strong a dependence of amplitude upon frequency is further evidence of the 
operation of mechanism (v): It would seem that on these occasions not only was N 
in the reflecting regions very nearly 3 x 10’ electrons per cm’, but that this 
electron density must have been remarkably well defined. The critical values of 
electron density for the two frequencies differ only by about 4%. Most of the 
received energy must have been reflected by clouds having electron densities 
within this narrow range. 

ABSORPTION 


Some of the evidence presented in the preceding section was interpreted as 
indicating the presence of selective absorption. There was some similar evidence in 
the earlier dual frequency results (ForsyTH, 1953). Using radar results obtained at 
Saskatoon, an attempt was made to separate the effect of aspect sensitivity from 
that due to variation of the altitude angle at which the aurora was observed. 
This was done by comparing the relative occurrence of echoes at points which were 
characterized by having the same angle of incidence upon the magnetic field lines, 
as viewed from the radar station, but different altitude angles. There seemed to be 
a significant variation of echo occurrence with altitude angle in addition to any 
effect of aspect sensitivity which was present. It was suggested that this depen- 
dence of echo occurrence upon altitude angle might be due to the existence of an 
absorbing region immediately below each reflecting region (CURRIE, ForsyYTH, 
and VawTER, 1953), although it was pointed out that there was no direct evidence 
of significant auroral absorption at the frequencies concerned. 

During the auroral display which took place in the early morning hours of 
27 April 1956, recordings were made which seem to point conclusively to the 
existence of auroral absorption. In Fig. 5 is shown a recording of the signal received 
at 39-22 Mc/s during this time. It should be noted that on the record, time increases 
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from right to left, the times shown being UT, and that the vertical scale is 
logarithmic in amplitude. This record was made without benefit of the peak- 
reading circuit mentioned earlier. The large auroral signal is shown on the right- 
hand (earlier) part of the record and the normal spiky meteoric signal is shown on 
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OT: 
Fig. 5. 
Record of the signals received at a frequency of 39-22 Mc/s during an auroral display 
on 27 April 1956, showing the attenuation suffered by the meteoric signals just before 
1100 UT. On this record the vertical amplitude scale is logarithmic; the full-scale 
deflection range is 35 dB. 


the left-hand (later) part of the record. The remarkable drop in the recorded 
signal for a few minutes before 1100 UT is the significant occurrence. By 1000 UT, 
the cosmic-noise level, as indicated by the signal received during the short periods 
of transmitter silence which occur once each hour, had dropped below its normal 




























































































Fig. 6. Three-frequency records, of the type used in the multi-frequency analysis, 
taken during the period covered by the record of Fig. 5. 


value. A decrease in the cosmic-noise level, as recorded by the present equipment, 
occurs during many but not all auroral displays, nor is the amount of the decrease 
always consistent. In the present case, just before 1100 UT the auroral signal 
disappeared and, surprisingly, the meteoric signal disappeared at the same time. 
Since the meteors occur randomly, it is difficult to assess accurately the amount of 
attenuation involved, but it must have been of the order of 20 dB. 
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The three-frequency recordings made with the peak-recording equipments 
during this same interval are shown in Fig. 6. In this figure the horizontal time 
axis is much expanded and the vertical scale is approximately linear in signal 
amplitude. Again, time increases from right to left. The right-hand part of the 
figure is typical of the records used in the analysis described earlier. 

Recordings were made during the same auroral display on equipment operating 
at 53 Mc/s and looking north at the radiation from Cassiopeia A. For a short 
period, this signal suffered an attenuation of about 10 dB. Recordings were made 
also, at a frequency close to 30 Mc/s, of the cosmic noise received on a fairly 
broad-beamed antenna looking vertically. This signal suffered a large attenuation, 
but the exact amount is uncertain. 

The attenuation of the meteoric signals suggests that the absorbing region was 
situated below the level at which the meteor trails were being formed. The time in 
question (0600 local time) is unique, since at this time the most frequently occurring 
meteors have geocentric velocities in the neighbourhood of 70 km/sec and, in 
consequence, form trails at a height of about 105 km. At other times of the day the 
geocentric velocities, and the heights at which the trails are formed, are consider- 
ably less. It seems reasonable to assume that the absorbing region was at a height of 
about 100 km, just below the most frequently occurring height of the lower edge of 
auroral displays. At other times of the day the meteors would be formed below 
this height and the meteoric signals would not suffer attenuation even in the 
presence of intense auroral activity. Since this remarkably clear example of 
absorption was found on the records several other examples have been noticed. 
The occurrences found up to the present time have been confined to the early 
morning hours and none show attenuation as great as the one described above. 
The records for these occasions are now being studied in relation to the other 
available evidence, and it is hoped that the results of this study will be published 
separately. The possible existence of absorption is of interest in the present 
context only to the extent that it modifies the frequency dependence of auroral 
echoes. While the absorption of meteor signals is likely to be observable only 
during the early morning hours, no such limitation should apply to the auroral 
signals. It seems reasonable to suggest that auroral absorption frequently does 
exist at these frequencies and that, for example, in the absence of absorption the 
points plotted in Fig. 4 would all have fallen to the right of the X = 1 axis and 
above the Y = 1 axis. 

If absorption as intense as that indicated by the present records is a common 
occurrence, then the auroral-signal amplitudes which should be used for com- 
parison with theory are substantially larger than the observed values. This fact 
further emphasizes the need for making measurements of the relative signal 
amplitudes at a number of frequencies rather than making measurements of the 
absolute amplitude at a single frequency, when the reflection mechanism is being 
studied. 

CoNcLUDING REMARKS 

The present measurements seem to point conclusively to the existence of 
auroral scattering centres within which the free electron density is of the order of 
10’ electrons per cm’. It cannot be emphasized too strongly that the operation of 
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the critical reflection mechanism does nut preclude the simultaneous operation of 
one or more of the other mechanisms. The present measurements were directed 
specifically toward a test for the occurrence of critical reflection. The method of 
analysis which was used would not have indicated the presence of scattering from 
weakly ionized regions except in the absence of critical reflections. It may be that 
the weak signals which are often seen during the early stage of an auroral display 
are due to scattering of a kind similar to that described by BooKER (1956). The 
analysis was restricted to two auroral displays. No claim can be made that these 
displays were typical. 

The evidence concerning auroral absorption refers only to a single occurrence, 
but it does lend strong support to the suggestion that localized absorbing regions 
are associated with each auroral display. It is to be hoped that measurements 
which make use of extra-terrestrial point sources will be able to give positive 
evidence concerning the existence of such absorbing regions. 

The present measurements were confined to relatively low frequencies. Radio 
reflections from aurora have been observed at much higher frequencies and, in the 
absence of contrary evidence, it is reasonable to assume that the same reflection 
mechanism is operative at these higher frequencies. Confirmation of this assump- 
tion is badly needed. There appears to be no reason why the multi-frequency 
technique described in this paper cannot be used at higher frequencies. 
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Abstract—Measurements were made, at vertical incidence, of the changes in the ionosphere which 
accompanied the eclipse. It has been possible to derive the distribution and intensities of the solar 
sources of ionizing radiation responsible for the HE layer during the eclipse. Although it would not have 
been obscured at Singapore, it has been necessary to postulate the existence of a bright source in the 
sun’s Southern hemisphere having an intensity equal to 21% of the total radiation. This figure agrees 
well with the intensity (23%) derived from measurements made on the control days, of a source of 
radiation associated with an active group of spots which was in the South-west quadrant on 20 June. 

No significant change occurred in the F?2-layer critical frequency during the eclipse, but the 
temporary appearance of an FJ} layer, in addition to the usual permanent ledge in the F?2 layer, 
indicates that the eclipse was responsible for a rearrangement of the electron distribution in the lower 
part of the F'2 layer. 


1. INTRODUCTION 
THE path of the total eclipse of 20 June 1955 passed about 1500 km to the north 
of Singapore, where the unobscured fraction (Amin) of the area of the sun’s disk at 
the maximum phase of the eclipse was about 0-5 (Table 1). On the eclipse day, 
ionospheric h’f records were made at intervals of about 4 min during a period of 5 
hours centred on the eclipse; records were also made at quarter-hour intervals 
during the same period on each of ten control days. 


Table 1. Duration of eclipse at Singapore, 20 June 1955 





| 
Noon Height (Beginning Middle End 
(km) (LMT) 





0908 1029 1159 








| 0907 1027 1159 





LMT = UT + 7hr. 


2. EH LAYER 

2.1. General 

Fig. 1 shows the changes in f,# on the day of the eclipse and also, for comparison, 
curves representing 1-04 times the median value for the control days. The figure 
also shows fmin during part of the eclipse period and the corresponding values on 
the control days. Since fmin is an indication of the amount of absorption in the D 
layer, it is clear that just before the eclipse began there was a fairly large, but 
short-lived, increase in absorption; this began at 0152 UT + 5 min, went through 
a maximum at 0203-0216 UT, and returned to normal at about 0300 UT. This 
increase in absorption made it impossible to read f,H between 0200 and 0218 UT, 
but interpolation shows that, just before the eclipse began, f,# must have attained 
a value 0-10—0-15 Mc/s above the adjusted median value. Short-term changes of 
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this kind in f,# have been studied by Brsx (1951), who has shown that they are 
frequently associated with solar flares; on this particular occasion the accompanying 
increase in absorption makes it very likely that a minor flare did, in fact, occur, 
although no visual evidence of it is available. 
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Critical frequency 
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Fig. 1. Critical frequency changes at Singapore during the solar eclipse 
of 20 June 1955 @@®@ 20 June 1955. 
- 1:00 x median (f min) 
1:04 x median (# and F'/ layers) 
1:06 x median (F'2 layer) 
The medians refer to ten control days. 


After the beginning of the eclipse, the effect of the flare on f,# was masked by 
the fall due to the eclipse itself. However, since the absorption remained above 
normal until 0300 UT, it will be assumed that, for some time, f)# also remained 
higher than it would have done had no flare occurred. 

The analysis of the observed changes in f,# during the eclipse has been carried 
out by evaluating the function 


1daN 
§ eee ee as Se ee i ‘)— 
(s + =) sect x = A’(go/a’) = J (1) 


where 


= rate of generation of electrons per unit volume, 
effective recombination coefficient, 
= electron density, 
7% = zenith angle of sun, 
= unobscured fraction of ionizing radiation. 
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Equation (1) follows directly from the equation for a Chapman layer, except for 
the exponent of sec y: this has been changed from unity to allow for the fact that, 
during the control period, f,# varied as the cube root of cos y and not as the fourth 
root, which is the appropriate relation for a simple Chapman layer. If q,/a’ 
remains constant, the changes in J during the eclipse can then be assumed to be 
proportional to the simultaneous changes in the intensity of the ionizing radiation; 
it will be convenient later to refer to J simply as the intensity of a source of 
radiation. 





/ | 5) 
6) 

ioe: 
ral 40) 0) 


—— 
(4) 
| 


‘\ / TH) 





















































1 


() Indicates number of 3 For key to 
flares listed by Trotter dates see (a) 


e Monthly mean Allens relation for 
(June 1955) monthly mean values 


Fig. 2. EH layer at Singapore, June 1955. 
(a) Day to day changes in J, (mean for the period 01—06 U.T.). 
(b) Sunspot number (R) plotted aglinst J). 


2.2. Day-to-day changes in J, 

Before discussing the changes in J which occurred during the eclipse, it is 
necessary to refer to the day-to-day changes in J, (=q,/«’), that is, the intensity of 
the whole of the sun’s disk, during the control period (Fig. 2a). In Fig. 2b the same 
values of J, have been plotted against the daily values of the provisional Ziirich 
sunspot number and there is evidence of a loose correlation between the two 
quantities. The figure also includes, for comparison, the line representing the 
relation between monthly mean values of 7, and sunspot number implied by data 
given by ALLEN (1948). 

There was only one important group of spots on the disk at the time, and this 
crossed the central meridian on 17 June; judged by the number of flares, as given 
by Trorrer and Roperts (1955), this group was most active on 19 and 20 
June, when J, also reached its highest level. It seems reasonable to conclude that 
the value of J, (=314 x 108cm~-®) on 20 June included a component which 
represented the emission of ionizing radiation from this spot group and which was 
superposed on a quasi-permanent background level represented by J,(=242 x 
108 cm-*) on 24-25 June, when the group was no longer visible. If this interpre- 
tation is correct, the difference between these two values of J,(72 « 10% cm~®) 
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would represent approximately the intensity of the ionizing radiation emitted 
from the group in question on 20 June. 


2.3. Changes in J during the eclipse 

In computing J from the changes in f,# during the eclipse, it has been assumed 
that «’, = 1:2 x 10-§cm’s-!. In Fig. 3 the resulting values of J have been 
plotted against the unobscured area (A) of the sun’s disk. A comparison of the 
observed J-A relation with the linear relation expected for a uniformly bright disk 
shows that during the eclipse there must have been considerable nonuniformity in 
the brightness distribution. 

The value of J, appropriate to the eclipse period itself has been assumed to be 
309 x 108 cm-§, which is the observed value at the end of the eclipse. During the 
early part of the eclipse, however, it is clear that the appropriate value of J, is 
about 370 x 108 cm~-® (Fig. 3), and this high value has been attributed to the 
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Fig. 3. J-A diagram for the H layer during the eclipse of 20 June 1955 at Singapore. 


effects of the solar flare discussed earlier. The influence of this flare on J during 
the eclipse appears to have become negligible by about 0245 UT, when J had fallen 
to a level consistent with J, = 309 x 108§cm~-®. This is a reasonable supposition 
in view of the somewhat slower rate of recovery of the D layer, as indicated by 


fmin in Fig. 1. 


2.4. The distribution of the radiation sources 

In Fig. 3 the parallel lines indicated by J,J, and J.J, have been drawn through 
the linear portions of the two branches of the J-A curve for «’ , = 1:2 x 10-8 cm’ s-}. 
The slope of these lines gives the intensity (Jp) of the component of the radiation 
which can be represented by a uniformly radiating disk. The difference (J, — J) 
represents the intensity (J,) of an additional bright source which was un- 
covered near the end of the eclipse and which must, consequently, have 
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been near the east limb; similarly, (Jj —J,) represents the intensity (J,,) 
of a source near the west limb. Finally, the sudden fall in J at A ~ 0-57 would be 
consistent with the existence of a bright area, of intensity J,, near the centre of 
the disk. The intensities of all these sources, as derived from Fig. 3, are given in 
Table 2, but, since the sum of their intensities is less than J,, it is necessary to 
postulate the existence of yet another source (J x) to make up the balance. It is 
concluded that this source must have been in the southern hemisphere of the sun, 
since there is no evidence in the Singapore data of its having been occulted during 
the eclipse; it seems logical, therefore, to identify it with the active spot group in 
the South-west quadrant which has already been discussed. This conclusion is 
supported by the good agreement between the magnitude of J, (65 units) derived 
from the eclipse results, and the intensity of the spot group (72 units) as deduced 
from a consideration of the day-to-day changes in J, (Section 2.2). 


2.5. The effective recombination coefficient 
It is impossible to determine the value of «’, from the Singapore results alone, 
and the intensities given in Table 2 have been computed for an assumed value. 


Table 2. Sources of ionizing radiation deduced from eclipse data, 30 June 1955 
(a’7 = 1-2 x 10-8 em’ s~}) 





Intensity 


oanee (unit 108 em-*) 





Uniform disk (J p) 
West limb (Jw) 
East limb (Jz) 
Central area (Jc) 
Southern hemisphere (J y) 65 (72*) 





Whole disk (J) 








* See Section 2.2. 


However, if ionospheric data were available from other observatories in the eclipse 
path, it seems possible that the method used recently to redetermine «’ , for the 1952 
eclipse (Minnis 1956a) might also be applicable in this instance. 


3. F LAYER 
3.1. FI layer 
During the control days the F1-layer cusp was usually not clearly defined, but 
on the eclipse day, from about 1013 till 1113 LMT, a very sharp cusp was present 
on the h’f records; several examples of these are included in Fig. 4. During the 
remainder of the eclipse, however, the accuracy with which f,/'1 can be read from 
the records is not sufficiently high to justify a detailed analysis of the type 
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described in Sections 2.3. and 2.4. As can be seen from Fig. 1, the simultaneous 
changes in f,# and f,F/ are very similar. This effect was also observed during the 
eclipses of 1952 and 1954, and its implications have been discussed elsewhere 
(Minnis, 1956b). 
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3.2. F2 layer 

No significant eclipse effect can be detected in the changes in fy F2 on 20 June 
(Fig. 1). A comparison of the h’f curves for the eclipse with those for the control 
days shows that, even though no change occurred in the critical frequency, the 
eclipse was accompanied by complex changes in the distribution of electron density 
with height in the F layer. Soon after the maximum phase of the eclipse, the 
shape of the h’f curves suggests the formation of an FJ} ledge, which can be seen 
developing at 1047 (Fig. 4). At first sight it appears as if the “‘critical frequency”’ 
of this ledge increases gradually from about 6 Mc/s at 1100 to 8 Mc/s at 1228 LMT, 
but, on further examination, this interpretation proves to be incorrect. Although 
the ledge which is visible between about 1100 and 1130 is definitely an eclipse 
phenomenon, the one which is present from 1200 till 1230 is also present on many 
of the control days. A full investigation of the significance of these changes in 
layer shape would require the computation of numerous Nh profiles. 

A rough quantitative indication of the nature of the changes in the F2 layer 
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which were due to the eclipse can, however, be obtained from a comparison of the 
changes which occurred in h’ at selected frequencies during the eclipse and those 
for the control days. The values of h’ at 6, 7, and 8 Mc/s were read from the h'f 
records for each control day and also during the eclipse. The median values of h’ 
on the control days were then subtracted from the corresponding values of h’ 
during the eclipse. For each frequency, it was found that the resulting differences 
(A’h’) remained small and constant between 0900 and 1000; these differences are 
probably due to a small systematic difference between the thickness of the layer 
on the eclipse day and the median value of the thickness during the control period. 
For each frequency a small correction (6h’) was applied to the values of h’ on 
20 June, so as to reduce to zero, during the interval 0900-1000, the mean value of 
Ah’ = A’h’ + 6h’; the resulting values of Ah’ for each frequency are shown in 
Fig. 5. The variable amount of group retardation due to eclipse effects in the FJ 
layer is difficult to assess accurately, but is unimportant at the frequencies in 
question. 

Ah’ may be assumed to indicate the magnitude of the changes in h’ F2 due to 
the eclipse. The rise and fall in Ah’ between the maximum phase and the end of 
the eclipse (Fig. 5) is obviously due to the growth and subsequent decay of the 
F1} ledge, which reaches its peak development at about 1130. If the ledge which 
is visible in Fig. 4 after 1200 had also been an eclipse phenomenon, Ah’ would have 
remained positive after 1200; the fact that it becomes negative appears to indicate 
either that the upper ledge was less well developed than on the control days, or 
that the newly-formed ionization represented by the temporary lower ledge 
extended to a lower level than normal and masked the permanent upper ledge. 
The continuity of the positive and negative phases of the Ah’ curve suggests that 
this is probably the correct interpretation. Temporary ledges and layers in the 
region between the FJ and F2 layers have been observed during previous eclipses 
by Lepie et al. (1946), Nakata (1950), Piagotr (1953), EstraBaup (1952), 
DELOBEAU (1953), and Minnis (1955), but it is not clear whether such ledges differ 
from those which often occur on normal days in low latitudes. The present 
Singapore results appear to show that the F'1} ledge which may appear during an 
eclipse can exist separately from the ledge normally observed on other days. 


4. CONCLUSIONS 


The changes in f,# during the eclipse have been used to deduce the brightness 
distribution of the ionizing radiation emitted from the sun’s disk. 62% has been 
attributed to a uniformly distributed component and 21% to a bright source in 
the southern hemisphere which was probably associated with an active spot group 
in the south-west quadrant. Independent evidence obtained from the control data 
suggests that this spot group contributed 23% of the ionizing radiation. 

The eclipse did not cause any detectable change in f,F2, but the electron 
distribution in the region between the FJ- and F2-layer peaks was modified. 
After the maximum phase of the eclipse, a new F'1} ledge was formed and remained 
for a short time in addition to another ledge, at a greater height, which was also 
present on the control days. 
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Scatter-field strengths and large ion concentration 


(Received 8 February 1957) 


NUMEROUS studies have shown that the field strength well beyond the horizon at frequencies 
of 100-4000 mc/s varies only slightly with distance. Several hypotheses have been proposed 
to account for this phenomenon (CARROL, 1952; Carrot and Rina, 1954; FEINsTEIN, 
1951; Gorpon and Booker, 1950). 

Although the theories differ, they generally attribute the radio-wave propagation to 
minute perturbations or discontinuities or to a spatial gradient in the dielectric constant. 
These views are supported by a considerably body of meteorological measurements which 
reveal the existence of variations and sharp gradients in the refractive index of the lower 
atmosphere. The discontinuities presumably arise from turbulence and stratification in ~ 
the troposphere. 

Recordings of the received signal strength in beyond the horizon propagation display 
in general two distinct types of fading: fast and slow. The former has been associated 
with multipath propagation, and the latter with major changes in the meteorological 
situation. Attempts to correlate specific changes in the refractive index along the propa- 
gation path with variations in the depth or character of fading, however, have not 
been too successful. 

The purpose of this note is to suggest that a better correlation might perhaps be found 
if the large ion concentration is compared with fluctuations in tropospheric “scatter” 
signal strengths. To explore this possibility further, a very preliminary comparison was 
made between the concentration of large ions and the atmospheric refractive index, both 
deduced as a function of altitude from observations taken at the same time. 

Measurements of the meteorological variables had been made with an aerograph 
mounted on an aircraft instrumented for atmospheric conductivity and large-ion con- 
centration measurements. Stepwise ascents were made through a given atmospheric 
volume, thus allowing the vertical distribution of the meteorological elements to be observed 
(SAGALYN and FaucuHEr, 1954). Using the data obtained, the refractive index was deter- 
mined as a function of altitude (Fig. 1). Measured values of the large-ion concentration 
as given by SacaLyNn and FavcueEr, is also plotted in Fig. 1. 

A similarity is apparent in the gross curves for large-ion concentration and refractive 
index as a function of altitude. In general, some correspondence between the two would 
have been expécted since the meteorological conditions (pressure, temperature, humidity, 
degree of turbulence, etc., and their lapse rates with altitude) affecting the index of 
refraction also influence the concentration of large ions. 

In general, the concentration of large ions in the troposphere is 10?-10*/cm%, while 
their masses are about 10-15 g. Consequently, direct contribution to the refractive index 
is negligible. 

Although the refractive index and large-ion concentration are not directly related, 
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it is conceivable that they both may be indicative of changes in more basic atmospheric 
parameters which influence signal strengths of the distant fields. In this connection, 
examination of the limited data available indicated that changes in the large ion con- 
centration (N,) are, at least on some occasions, much greater than those of the refractive 
index. In this sense, N, may be considered as more sensitive to changes in the basic 
meteorological elements than is the modified refractive index, N. In the altitude range 
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Fig. 1. Variation of large ions and modified index 
of refraction (N) with altitude. 
2325-0125, Nov. 1953 


from about 2000-10,000 feet, the relationship found between N and JN, is 


N = 210 + 0-13N, 
for the data examined. 


AVCO Research and Advanced Development Division S. C. CoRonirTI 
Boston, Mass. 
US National Committee for the IG Y N. C. GERson 
Natwonal Academy of Sciences 
Washington, D.C. 
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The electron density in the F2 layer and its correlation with the solar activity 


(Received 7 January 1957) 


A USUAL assumption in the study of the ionospheric electron densities is that of a linear 
dependence of the running twelve-months mean of the monthly median values of the 
maximum electron density N (proportional to the square of the critical frequency) upon 
the running twelve-months mean of WoLF’s number R. 
An extensive study of the worldwide distribution of the electron density in the F2 layer 
led us to Some more definite conclusions: the complete results will appear as soon as possible. 
We used the median values of f, #2 taken from the “ionospheric data” of the National 


Bureau of Standards for twenty observatories, whose series of data are complete for the 
decreasing stage of the last solar cycle (at most, two or three not contiguous values are 
missing); in regard to WoLF’s number we used the values of Zurich; moreover, we also 
considered the series of the areas of hydrogen filaments and flocculi, evaluated at the 
astrophysical Observatory of Arcetri, respectively indicated A, and Ay. We obtained the 
series of values representing the secular behaviour of N, R, Ay, Ay, which we indicate as 
N, R, Ay, Ay, applying VeRcELu’s method of periodical analysis to the series of the 
monthly values: we successively selected the waves of very high period (i.e. the secular 
variation) and that of twelve-months period, which we indicate as N4p. 

Fig. 1 shows the graphs of N(R) for the various observatories, arranged according to the 
geomagnetic latitudes; the numbers within parentheses indicate the ordinate corresponding 
to the zero ordinate for every graph; the arrows indicate the date: for example 1-’50 
indicates January 1950. Fig. 2 shows the graphs of 4 r(R) and A,(R). 

The graphs show the following principal features: (1) the points are not distributed on a 
straight line: (2) a systematic discontinuity of the slope occurs about beginning of 1951 
at the same time as the similar discontinuity in the behaviour of A, and A,; (3) a noticeable 
correlation between N and A,, apparently greater in the northern hemisphere and increas- 
ing for increasing geomagnetic northern latitudes. On the other hand, we note that the 
graphs of N(4,,) and notably that of N(A,) are not even straight lines, so that one is led to 
infer a multiple correlation between N and both & and A,. 

In effect if one assumes a linear law N = N,(1 + BR + yA,) and considers also the 
simpler laws N = N,(1 + af) and N = N,(1 + 64,), one obtains for No, «, B, y, 6 the 
values indicated in Table 1, which are calculated for the period January 1949-December 
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Fig. 2. Graphs of Ay (R) and AFr(R); 
the points give the calculated values for 
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1953; these values show the following principal features: (1) the values of N, are, in every 
case, approximately symmetrical with respect to the geomagnetic equator; (2) the coeffi- 
cients a and 6 are, as a whole, greater in the northern hemisphere and show a systematic 
tendency to increase with increasing values of the geomagnetic latitude; (3) the coefficients 
B are approximately similar in the two hemispheres, while the asymmetry between the 
northern and southern hemispheres appears more distinctly in the coefficients y. 


Table 1 





N=N,(1+aR) N=N,(1+6d7) N=N,(1 + BR + pdr) (omaaod afl) 


Observatory 








Lindau . 0-046 0-016 
Washington S ° 0-041 0-018 
San Francisco D . 0-041 0-023 
White Sands ° : ° 0-036 ; 0-021 
Wakkanai . . 0-032 ° 0-013 
Tokyo ° . 0-032 . 0-019 
Yamagawa : : 0-026 0-015 
Maui . S 0-017 0-011 
Delhi . ° 0-022 0-012 
Madras D 0-019 0-012 


Huancayo ; 0-024 0-015 
Rarotonga : } 0-019 . 0-013 0-002 
Johannesburg} 39- : ‘ 0-024 : 0-016 0-004 
Brisbane . S . 0-026 , 0-015 0-008 
Christchurch . . 0-034 0-017 0-015 
Watheroo , ; 0-028 0-016 0-009 
Canberra . : 0-032 0-013 0-016 
Hobart ‘ 0-023 0-015 _ 0-003 
5 = 0-026 Bp =0-015| y = 0-009 
og = 0-004 0, = 0-002) og = 0-003 
































If one assumes the mean values of a, 8, y, 6 and the corresponding standard deviations 
Ox, Og, Oy, Os for the observatories of the southern hemisphere as “normal” values, it appears, 
from the table, that the greater values of «, 6, y at higher latitudes may have some physical 
meaning: one could imagine some different dependence or “sensibility” of the two hemi- 
spheres to the activity of the hydrogen filaments (or to some other solar phenomenon 
strictly connected), while the dependence upon the sunspots appears about of the same 
amount in the two hemispheres. 

At first sight, this asymmetry between the two hemispheres may be surprising; however, 
a further analysis of the component N,,. shows some other interesting features: at 0000 LT, 
Ny2 exhibits a “normal” seasonal variation with a maximum at the June solstice and a 
minimum at the December solstice in the northern hemisphere, with a six-month phase- 
shift in the southern hemisphere and about the same amplitude at symmetrical geomagnetic 
latitudes; at 1200, instead, the component N,, exhibits very different amplitudes for 
symmetrical latitudes and a substantial phase-agreement with a maximum at the December 
solstice and a minimum at the June solstice, for latitudes between about 50° north and 
30°-35° south; at higher southern latitudes, always at noon, N,, exhibits a tendency toa 
phase-shift of six months only during high solar activity. 

These last features of N,,, which do not appear to be explicable either by assuming an 
extrasolar source of radiation or assuming only seasonal and diurnal effects of ionospheric 
tidal movements (superposed to the “normal” seasonal variation), suggest some more 
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complicated scheme of the geomagnetic control of the F2 layer electron density; on the 
other hand, the asymmetric features of N,, appear to be correlated with the secular asym- 
metric effects connected with the activity of the hydrogen filaments. A possible cause of 
asymmetries might be sought in the unknown general circulation of the high atmosphere; 
however, at this stage, this possibility needs further observational evidence. 


Istituto Nazionale di Geofisica F. Mariani 
Roma 
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The Q.L.-—Q.T. transition level 


(Received 31 October 1956) 


IN a recent paper on “The existence of a Q.L.-Q.T. transition level in the ionosphere and its 
experimental evidence and effect,” published in J. Atmosph. Terr. Phys. 8, 298-304, I stated at 
the end of paragraph 3, that the transition level ‘‘will actually reflect the (ordinary) wave 
downwards because of the steep gradient of yu, occurring there.” 

Dr. C. O. Hines of the Canadian Defence Research Board, in a letter dated 16 November 
1956, has pointed out to me that the polarization of the O-mode immediately below this level 
is the same as that of the X-mode immediately above it and that consequently the O-mode 
should propagate across the transition level without hindrance, the changeover occurring, 
in fact, only in the name assigned to the wave. 
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I should like to emphasize that this remark is correct as far as the sense of rotation of the 
field vectors is concerned. It is, however, easy to see (LEPECHINSKY, 1955) that if the Q.L.-Q.T. 
level is in the vicinity of = 1 (where x = 4nNe?/mp?), the axis ratios and tilts of the polari- 
zation ellipses of the O-mode immediately below the level and the X-mode immediately above 
it, are sufficiently different to imply a very rapid variation of the polarization of the wave 
when crossing the transition level. The absorption characteristics of the wave are similarly 
subjected to a very rapid variation. The steep gradients of the electron density N and of the 
collision frequency v, occurring in the ionospheric region concerned, suggest that this rapid 
variation of the wave characteristics may take place there within a wavelength, and that 
consequently the transition level is, in this case at least, quite an efficient partial reflector. 

However, if the Q.L.-Q.T. level coincides with a level of N corresponding to x >2 — xp 
(LEPECHINSKY), the variation of the polarization on both sides of the transition level appears 
to be less pronounced, and Dr. H1nEs’s statement seems to be justified: the O-mode below the 
level may become actually ‘‘coupled’”’ to the X-mode above it and the Q.L.-Q.T. level may 
not be appreciably reflecting. 

It is nevertheless important to note that even if this latter assumption is entirely true, a 
“crochet”’ should appear on the ionogram beyond the f,# vertical tangent, when the £ layer is 
plunged into the Q.L. region beyond its maximum ionization level; this “crochet” is then again 
an evidence of the existence of the transition level. 

In order to make this point quite clear, let us consider the refractive indexes’ wy) and pu, 
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profiles across the E layer, in this particular case (see Fig. 1) In Fig. 1 the sp profiles are repre- 
sented by continuous lines and the yu, profiles by dotted lines. It is assumed here that the 
distribution of the electron density N of the H layer is symmetrical about its N max level. 

Frequency f, is the critical frequency of the E layer (according to the pure Q.L. type of 
propagation) and corresponds to a vertical tangent on the ionogram. 

The O-mode refractive index profile for a frequency f/f, > f, extends up to point C of the 
line AB, representing the Q.L.—Q.T. transition level. If it is assumed that at C the O-mode is 
“‘coupled’”’ to the X-mode, the initial O-wave will propagate further in the Q.T. region along 
the X-mode profile of the f, refractive index. 

However, this profile falls sharply along DE, which implies a reflection of the wave at this 
level (x, = 1). Finally f, will be reflected downwards, and it is easy to see that the highest 
frequency thus reflected downwards will be a frequency f,, for which DE will coincide with A B. 
The upper frequency of the crochet should thus bef,,. It is clear that for still higher frequencies, 
the O-mode profiles in the lower and upper part of the E layer join up together and that conse- 
quently these frequencies are not reflected by the layer. 

If the transition level AB coincides with that of N max, the crochet should, in fact be a 
U-shaped trace the branches of the U being separated by f;,/2, because of the high retardation 
suffered by the upper frequencies of the crochet when the DE (x, = 1) reflection level approaches 
the N max level. 

However, if, as I suggested above, the O and X modes “‘coupling”’ is not operative near x = 1, 
the reflection should actually happen at the transition level AB, when this level is located in 
the vicinity of x = 1, and the crochet should then be terminated by a “‘hollow’’ due to high 
retardation and absorption near the N max level. 


Laboratoire National de Radiodlectricité D. LEPECHINSKY 
196, rue de Paris, Bagneux, Seine, France 
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The radio interference produced by corona discharge 


M. I. LarGe 
Cavendish Laboratory, Cambridge* 


(Received 31 January 1957) 


Abstract—The radio interference produced by corona discharge from a single point is investigated 
experimentally and theoretically. 
1. INTRODUCTION 


TRICHEL (1938) showed that corona currents in a point-to-plane gap are not 
continuous, but pulsed. When the point is negative, the pulses are often regular 
in form and time-separation. With the point positive, large irregular pulses 
occur, but only over a narrow range of currents. The subject of corona pulses is 
reviewed by Logs (1948). The mechanism is discussed by AMIN (1954), and 
there are text-book accounts (MEEK and Craaa@s, 1953). 

In thundery weather, many conducting “‘points,’’ such as trees and radio 
aerials, discharge electricity into the air by the corona mechanism. This dis- 
charge is the source of the radio interference known as “‘rain static’. 

Corona from the high-tension lines and insulators of the grid system is a 
well-known source of radio interference. Previous work (GILL and WHITEHEAD, 
1938; Sayers, ForREsT, and LANE, 1952) has been directed to obtaining empirical 
data on the interference produced by these lines in various weather conditions. 


2. APPARATUS 


A point-to-plane gap was used. Direct potentials of up to 50 kV could be applied to the 
plane. The ‘‘point’’ consisted of the clipped end of a piece of 48 s.w.g. copper wire. The radio 
noise was measured with an Admiralty-type B-28 receiver, run with a dummy load of 37 ohms, 
and the ‘‘point”’ connectéd to the aerial input. The corona current from the point was recorded 


by oscilloscope and galvanometer. 
3. OBSERVATIONS 

(a) Band spectra. At the onset of discharge from a negative point, the radio 
interference occurs as repeated ‘‘clicks’” over the entire range of the receiver 
(60 ke/s to 30 Mc/s). Each click corresponds with one of the Trichel pulses. 

As the corona current is increased (by increasing the potential on the plane) 
the pulse frequency passes from the audio-frequency range to the low radio 
frequencies, and the interference changes from a “‘clicking”’ or “‘whining”’ noise 
detectable on all frequencies to a hiss detectable about the pulse-repetition 
frequency, fj, and its harmonics. The noise is concentrated in reasonably sharp 
bands about the lower harmonics, but the higher harmonics are less well defined. 
Some ten harmonics can usually be detected before the noise merges into a uniform 
spectrum. 

It proved difficult to plot a typical spectrum directly, as the fundamental 
pulse frequency, f,, drifted. A closely related effect is shown in the oscillograph 





* Now at Jodrell Bank Experimental Station, University of Manchester. 


245 





M. I. Larce 


record of Fig. 1. The receiver was tuned to 5 Mc/s and the detector output was 
recorded on moving film (upper trace). The corona current (lower trace) was 
then reduced steadily from 10 wA to zero. Looking from left to right across the 
record, the peaks in the detector output are produced as the pulse frequency 
passes through 5, 5/2, 5/3 Mc/s, etc., each of these frequencies having a harmonic 
at 5 Me/s. The record shows clearly how the noise spectrum becomes uniform 
after the first few harmonics. It also confirms TRICHEL’s observation that the pulse 
frequency is roughly proportional to the corona current. 

Pulse repetition frequencies up to 10 Mc/s were observed before the gap broke 
down by sparking. 





1000 





Amplitude 











1 
0-1 
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Fig. 2. Experimental graphs of the r.m.s. noise produced by negative corona, as a function 
of frequency. The amplitude scale is arbitrary. 
Curve A—when the discharge is from the receiver aerial. 
Curve B—when the discharge is from conductors near to the receiver aerial. 


(b) Continuous spectra. Beyond about the tenth harmonic of the pulse 
frequency, fy, the spectrum of negative-point corona becomes uniform, with 
harmonics barely distinguishable. Typical amplitude spectra are plotted in Fig. 2. 
(The pulse repetition frequency was a few kc/s; the receiver was calibrated with 
a signal generator.) Observations were made both when the point was connected 
to the receiver input (curve A) and when the noise was detected by an aerial 
placed near to the discharging point (curve B). 

(c) Positive point. With a positive point, very little radio noise was produced 
for currents comparable with those used in the negative-point experiments, 
except over the narrow range of current where “inductive kicks” occur. These 
kicks. which occur irregularly a few times a second, produced considerable 
interfere;jce over the entire range of the receiver. 


4. INTERPRETATION 
(a) Band spectra. MACFARLANE (1949) has worked out the mean power spectra 
for a uniform sequence of pulses which 
(i) jitter randomly in position, 
(ii) jitter randomly in amplitude. 
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Fig. 1. A simultaneous oscillograph record of the radio interference produced by corona 
from a negative point (upper trace) and the corona current. The corona current is 
gradually reduced to zero, and the Trichel pulse-frequency falls roughly in proportion. 
The first peak in the receiver response is produced as the pulse frequency passes through 
the receiver-tuned frequency (5 Mc/s). Successive peaks are the receiver response to the 
nth harmonic of the pulse frequency as it passes through the nth submultiple of 5 Mc/s. 








The radio interference produced by corona discharge 


In each case he finds that the spectrum consists of fine lines at the harmonics 
of the pulse frequency, with an added continuous or “‘white’’ spectrum. 

The present observations slfow clearly that a typical Trichel discharge has a 
line spectrum in which the higher-order lines are broadened, merging into a 
continuous spectrum. It is shown in Section 7 that such a spectrum is consistent 
with the assumption that the time-interval between Trichel pulses is subject to a 
random variation. This would be expected if the discharge mechanism proposed 
by AMIN (1954) and others is correct. At first sight it appears that jitter of the 
pulse interval is trivially different from case (i) above, but the two distributions 
lead to quite different spectra. 
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Fig. 3. Theoretical r.m.s. Fourier spectra for a sequence of unit impulses occurring at 
random intervals, distributed according to a Gauss law, with mean 7 and standard 
deviation A. The frequency is plotted in units of 1/7. 

Curve X for A = 7/40 
Curve Y for A = 7/20 
Curve Z for A = 7/10 












































On the basis of the calculations in Section 7, typical spectra are plotted (Fig. 3). 
Qualitative comparison of the experimental observations with these curves indi- 
cates that for a Trichel discharge of mean pulse interval 7, the standard deviation 
of the pulse interval lies in the range 7/10 to 7/100. This result is confirmed by 
direct measurement of pulse intervals, from oscilloscope records. 

(b) Continuous spectra. The curves in Fig. 2 are noise spectra for negative 
point corona in a region not complicated by the harmonics of the pulse-repetition 
frequency. It is shown in Section 7 that this continuous spectrum is determined 
by the power spectrum of the individual Trichel pulses. When the discharging 
point is connected to the receiver aerial (curve A), the noise is fairly constant up 
to some 10 Me/s, and then falls rapidly with frequency. This is consistent with 
the observations of ENGLISH (1948) and others that the duration of a Trichel 
pulse is 10~7-10- sec. 

When the noise is detected by an aerial near the discharging point (curve B), 
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the spectrum falls roughly as the reciprocal of the frequency up to about 10 Mc/s, 
and then more rapidly. This is because the aerial is now responding to the charge 
pulse rather than the current pulse. The charge pulse in the present experiments 
was cleared from the gap in about 1 msec. It therefore appeared as a “‘step 
function” as far as radio frequencies were concerned. 

With a positive point, only the rare “inductive kicks’? produce any appre- 
ciable noise. The ‘‘self-sustaining burst pulses” (MEEK and Craaes, 1953) produce 
interference several orders of magnitude less than that produced by Trichel pulses. 
It appears that a large proportion of the current in positive-point corona is a 
direct current, with the very small burst pulses superimposed. 


5. CORONA FROM POWER LINES 


Corona from power lines is a recognized source of radio interference. The 
corona occurs from a large number of points on the lines. Any effect due to 
individual pulse frequencies is obscured, and the interference appears to have a 
continuous spectrum. Since the receiver is now detecting the charge pulses pro- 
duced by the corona, the general level of interference may be expected to depend 
on the reciprocal of the frequency (see Section 4). This is in agreement with the 
observations of SAYERS, Forrest, and LANE (1952), who measured the actual 
interference from a test power line. 


6. Ran STATIC 


In stormy weather, radio aerials sometimes discharge into the air, and in 
principle all the effects described in Section 3 could be observed. In practice, 
discharge from a receiver aerial rarely passes far beyond the “onset” stage. The 
clicks have been thought to be rain-drops hitting the aerial. The difference in 
the effect of corona from a receiver aerial and from nearby conductors is strikingly 
illustrated by the example of television. Comparatively little corona from a 
television aerial ruins reception (LARGE and PIERCE, 1955), whereas SAYERS, 
Forrest, and LANE (loc. cit.) found that normal reception was possible a few 
yards from 300 kV power lines with considerable corona loss. 


7. MEAN PoweER SPECTRUM OF A SEQUENCE OF PULSES 
oF RANDOM INTERVAL 


The Fourier transform of a sequence of N pulses of form f(t) occurring at 
times ¢ = T,, T,,..., Ty_,, is given by 
n=N-1 ro) 
F(s) 2, exp (ist) | f(t) exp (ist) dt 
n=N—-1 
&k D> exp tie.) 
0 


r= 


where k is the Fourier transform of a single pulse. 
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This equation refers to one sample of N pulses. The mean power spectrum 
for the distribution is thus given by 





F(s)F(s)* = k? [ = exp (is) [> exp (—is7) (2) 
0 0 


In the present problem, the 7’, are not completely random,* but are such that 
T 041 ae T, ae + En (3) 


where 7 is the mean pulse interval, and «¢, is the variation in the nth interval. 
From (2) and (3) we obtain, by grouping the terms of the product, 


F(s)F(s)* = k?N + k?[(N — 1) exp (isr) exp (tse,) 





+ (N — 2) exp (2tsr) exp [ts(e, + e,)] + further terms] 
+ k? (complex conjugate) (4) 


The nth term in (4) may be evaluated by assigning a probability function to 
the «,. Suppose p(e) de is the probability that « lies in the range « to e + de. 
Then we have 





exp (& + &2--- En) 


= |]. ; [7 exp is(e,y + &... + &,,)p(E;)p(Eg) . . - P(Em) de, deg... de, 


= [ exp (ise) ae a (5) 


since all the ¢,, obey the same distribution law, and are all statistically independent. 
This result may be substituted into (4) to give 


Scoala i a 
F(s)F(s)* = Nk - x 


nee 6 
1 — 2P cossr + P? (6) 





assuming that NV > 1, and that the e, are symmetrically distributed about zero. 
P is given by, 


P(s) = i exp (ise) de (7) 


the Fourier transform of p(e). 
If the pulse intervals are Gauss distributed, with mean 7 and standard deviation 


A, we have 
1 


(é€ = — ex (8 
# V 270A 
so that 

P(s) = exp (—}A%s*) 


* If they were, then the problem reduces to the well-known two-dimensional Drunkard’s Walk. 
This might well be called the ‘happy walk’’; successive steps are not completely independent! 
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and (6) becomes 


| -- exp (—A?s?) 
2 exp (-—}s? A?) cos st + exp (—A?s?) 


F(s) F(s)* Vk? 


sinh } A@%s? 


cosh } A*s2 COS 8T 


NEE 
The mean amplitude spectrum is thus given by 


ee eee j 1 A2¢2 ; 
V F(s)F(sy* - kv N i (10) 


cosh }A%s? — cos st 


In Fig. 3 are plotted typical mean amplitude spectra assuming the pulses to be 
unit impulses (4 1). using the formula 


' sinh 3 A2s2 } 
G(s) » 


cosh }A?s? — cos sr 


Full spectra may be obtained by multiplying these curves by the spectrum of a 


single Prichel pulse. 
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The dependence of point-discharge currents on wind 
as examined by a new experimental approach 


M. I. Larce* and E. T. PIerRce 
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(Received 18 December 1956) 


Abstract—Experiments are described in which a metal point mounted in the open air is artificially 
raised to a high potential V and the resulting point-discharge current J is measured. The relation 
I = A(V — V,)(W? + eV2)t 

where A and ¢ are constants, W the wind speed, and V, the onset potential, is found to fit the results 
reasonably well. It is shown that all point-discharge experiments may be interpreted in terms of the 
rapidity with which the ambient space-charge is removed; this removal may be by the wind or by the 
ion velocity in the surrounding field, and the relative importance of the two factors will vary from 
experiment to experiment. Finally, some remarks on the alti-electrograph results are appended. 


1. INTRODUCTION 


Ir is well known that if a high electric potential gradient exists near a metal 
point, there is local breakdown, and a current flows from the point. This effect 
is familiar to electrical engineers under the name of “corona,” but meteorologists, 
who are concerned primarily only with naturally occurring potential gradients, 
normally use the term “‘point-discharge.”’ It has been shown (LARGE and PIERCE, 


1955) that both point-discharge and corona are essentially the same phenomenon. 
WHIPPLE and ScraSE (1936) obtained the relation 


I =a(F? — M?) (1) 


for an earth-connected point, where J is the point discharge current and F' is 
the field at the ground. a and M are constants, having slightly different values 
for positive and negative fields. Relation (1) has the same form as that connecting 
current and voltage for laboratory experiments on corona (see, for example, 
PEEK, 1929). 

In their experiments, WHIPPLE and ScrasE took no account of the wind, 
but in the past few years several workers have shown that wind has a pronounced 
effect on point-discharge, and that the WHIPPLE and Scrase formula should be 
modified accordingly. The effect of wind on corona is familiar in other branches 
of physics; indeed, in wind-tunnel experiments, corona anemometers have long 
been in use by Fucus (1954) and others. 

Recent experiments on the influence of wind on point-discharge have followed 
two lines of approach. SreviLLE CHAPMAN (1956), working with a wind tunnel, 
used artificially produced winds and fields, most of the wind-speeds being far 
greater than any encountered in nature. Other researchers have carried out 
their experiments under natural fine-weather conditions, sufficient potential 
discontinuity to produce discharge being obtained by raising the point to a great 


* Now at Jodrell Bank Experimental Station, University of Manchester. 
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height, either by means of a balloon (CHALMERS and MapLEson, 1955), or by 
using a fixed mast (KIRKMAN and CHALMERS, 1957). With this approach, it is 
often difficult to measure wind-speeds and fields at closely adjacent localities, 
and in consequence the intervention of space-charges may lead to widely scattered 


results. 
It occurred to the authors that some of the objections to the above methods 


could be avoided by experiments in which a high potential is artificially placed 
on a point in the free atmosphere, so that discharge occurs in fine weather even 
if the point is close to the ground. The potential on the point, which is equivalent 
to a large natural field, can then be varied at will, nature providing a range of 


wind-speeds. 
2. EXPERIMENTAL TECHNIQUE 

Direct potential of cither sign up to 80 kV could be continuously provided by means of a 
small H.T. set. The voltage was measured by using a resistance chain and a microammeter, 
the possibility of error due to discharge from the resistors being eliminated by determining the 
current at both ends of the chain. The current flowing from the point was measured by means 
of a mirror galvanometer. The galvanometer casing and one terminal of the galvanometer 
were connected to the high-voltage output; the lead from the point to the galvanometer was 
the inner conductor of a length-of coaxial cable, of which the outer sheath was connected to 
the H.T. voltage. The point, which consisted of a short length of platinum wire with a 0-05-cm- 
diameter spherical tip, was mounted in a special insulator at the top of a pole about 4m high 
on the laboratory lawn. These arrangements were to ensure that all the current recorded by 
the galvanometer was in fact flowing from the point. The method worked well. When the 
point was removed from the insulator, no current at all could be detected on the galvanometer, 
even with the set running at its full 80kV. A rotating cup-type anemometer, giving an inte- 
grated wind-speed with a time-constant of a few seconds, was mounted a few metres to the 


leeward of the point, at the same height. 


3. THE OBSERVATIONS 
Under the conditions used, the onset potential for discharge was about 7kV. 
It was obvious that with a stable potential on the point, the wind was responsible 
for considerable variations of current. The point current appeared to respond 
almost instantly to fluctuations in the wind-speed, whereas the anemometer 
was more sluggish, effectively giving the wind-speed averaged over a few seconds. 
Direct readings of the point-discharge current and wind-speed were taken by 
two observers; the “current”? observer selected periods of steady discharge 
current, and both the wind-speed and current were then recorded. This technique 
worked well, and in the course of a few hours it was possible to obtain a large 
amount of data. The experiments were most conveniently done by five people, 
two to act as observers, one to control the potential on the point, and two keeping 
watch to ensure that neither person nor animal approached the point and leads, 
which were at a dangerous voltage. 
4. EXPERIMENTAL RESULTS 
For a period when the wind was very slight, it was found that the point- 
discharge current, /, for both positive and negative points was related to the 
potential, V, of the point by an expression of the form 
I = BV — V,)V (2) 
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where V, is the onset potential, and B is a constant. It will be seen that this 
equation is very like the WHIPPLE and ScrasE relation (1). 

In windy conditions, the main result of the observations was that the current 
from the point was a linear function of the wind, for wind-speeds above a few 
m/sec, and was independent of the wind at very low wind-speeds. Very similar 
results were obtained whether the point was positive or negative. This dependence 
on the wind-speed is shown in Fig. 1, where the experimental observations for 
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Fig. 1. Dependence of point-discharge current on the potential 
of the point and on the wind speed. 


a positive point at 36, 48, and 60 kV are plotted. Each point on the graph is the 
mean of a number of observations. In spite of the averaging process there is 
still some scatter; this is not unexpected, as the observations were necessarily 
extended over several days, and were therefore subject to alterations in the 
condition of the point, with consequent “changes of regime’ (see LARGE and 
PIERCE, 1955). On Fig. 1, besides the experimental points, two functions are 
plotted. These are 


I = A(V — J,). (W? + eV)! (3) 
which gives the continuous curves, and 
I = A(V — V,).[((W — W,) + bV], for W > W, 
I = A(V — V,).5V, when W < W, 
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which yields the dotted straight lines; W is the wind-speed and W, an “‘onset”’ 
wind-speed. The parameters A and c in (3) and A and 6 in (4) are empirical 
constants chosen to give the best representation of the points. 

In Fig. 2, the record from a field mill some 20 m from the discharging point 
is shown; the periods during which voltages were applied to the point are also 


Potential 
gradient 
+ 


alll ge 


Voltage , 


+ on point | | | | | | 
a 
Fig. 2. Simultaneous records of the voltage on the point 
and the response of a field mill 20 m away. 





indicated. Steady field changes due to the potentials on the point, together with 
superimposed fluctuations caused by the movement of space-charge produced 
at the point, can be recognized. This suggests an obvious experimental technique, 
in which air motions and turbulence might be traced by the diffusion of clouds 
of ions artificially produced at known rates. Such a technique would be somewhat 
similar to that employed by CRAMER, GILL, and ReEcorp (1954), in which the 
movements of aerosols due to pollution are detected by arranging for the aerosols 
to be artificially charged at their source. 


5. COMPARISON WITH PREVIOUS EXPERIMENTS 
CHAPMAN (1956) suggests that J and V are best related by a formula such as 
Il=A..(V —V,). (5) 


where ‘“‘v”’ is the “ion velocity.”’ His idea is that the current depends on (a) the 
point potential and (b) the clearance time for the ions produced in the discharge. 
In still air, the ion velocity is due entirely to the ion mobility in the field, so that 
‘vis proportional to V, giving 


I1=B.(V—V,)V (6) 


where B is a constant; relation (6) is identical with (2) and very like the WHIPPLE 
and ScrasE formula (1). In moving air, however, ‘‘v’’ depends on the “‘mobility 
velocity” of the ions, and on the actual wind-speed. CHAPMAN’s experimental 
results, obtained in a wind-tunnel for wind-speeds in the range 18 to 260 m/sec, 
indicated that the current and the wind were related by an expression of the form 


l=-A.¥ —¥g. (7) 


At the lower wind-speeds, corresponding to normal meteorological conditions, 
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the current seem3 to depend on a square law like (1) or (6), but CHAPMAN’s 
observations are too scanty in the rang2 0-20 m/sec to show how and where the 
change over to a square law occurs. 

KIRKMAN and CHALMERS (1957), in their experiments using a very high mast 
to study point-discharge under natural fine-weather conditions, arrived at the 


formula 
I=k(W+C)F — M) (8) 


where C and k are constants, F is the field at the ground, and M the “onset” 
field. Relation (8) may be compared with equations (3), (4), and (7) by writing 
F as V/h, i.e. considering the potential discontinuity at the point to be given by 
the product of the field at the ground and the point-height, h. (8) then becomes 


I = A(V —V,).(W +0) (9) 


6. APPLICATION TO DISCHARGE IN NATURAL CONDITIONS 


In all conditions, the current from a discharging point is determined by the 
rate of removal of space-charge from the vicinity of the point. This removal may 
be brought about in two ways; by the wind, with a velocity equal to that of the 
wind, and by the mobility of the ions in the ambient electrostatic field. Thus we 
expect a term in our relations combining the two factors. This has indeed been 
postulated by SEVILLE CHAPMAN (equations 6 and 7) and found by the present 
authors (equations 3 and 4). We are grateful to Dr. J. A. CHatmers for pointing 
out that a vector addition of the wind and the ion ‘mobility velocity,” as in 
equation (3), is most appropriate to natural conditions where the ion movement 
and the wind are normally at right angles. 

The relative importance of these two factors depends critically on the experi- 
mental conditions. For CHAPMAN’s experiments, where a high potential point 
was surrounded by the earthed walls of the wind-tunnel at a few feet distant, 
the field was large, so that the small ion “mobility velocity’? was comparatively 
high. In consequence, wind-speeds had to be large before their effect was apparent. 

In the experiments of KriRKMAN and CHALMERS, the ambient field was the 
fine-weather electrostatic field, typically 100 V/m, with a. corresponding ion 
“mobility velocity” of about 1 cm/sec. Thus the wind factor became dominant 
at very low wind-speeds. For this reason, although the general argument would 
indicate that the ‘‘constant’’ C in equation (8) of KIRKMAN and CHALMERS should 
be directly proportional to the field F, it is not surprising that such a dependence 
was not detected. 

Our own experiments were of intermediate character. In the fine-weather 
conditions in which we worked, the natural electrostatic fields were small, and 
the ‘‘clearance field’ was effectively that produced between the high potential 
point and the surrounding earthed surfaces. This field was not as large as in the 
experiments of CHAPMAN and the wind began to control the current at relatively 
low wind-speeds. To summarize, we may say that in CHAPMAN’s experiments the 
constant c (equation 3) was large, and in those of KIRKMAN and CHALMERS it was 
small, by comparison with our value. 
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7. INTERPRETATION OF ALTI-ELECTROGRAPH RESULTS 


SEVILLE CHAPMAN (1956) has attempted to re-interpret the alti-electrograph 
results obtained by himself (1949) in America, and by Simpson and ScrasE (1937) 
at Kew. CHAPMAN assumes that ion “mobility velocities” in thunderclouds are 
much ereater than the wind-speeds; his formula (6) is therefore applicable, and, 
since V is proportional to £, the natural field, may be approximately rewritten as 


I =kP? (10) 


where k is a constant. This is similar in form to the WHIPPLE and ScrasE formula 
(1). CHAPMAN. however, considers that / was overestimated in the Kew alti- 
electrograph work, a dependence on /? (/ is the length of the trailing wire) being 
envisaged, whereas the true dependence is on 1. Using his revised estimate, 
(‘HAPMAN succeeds in finding fields of the order of 2000 V/em in thunderclouds. 
He has, however. overlooked the fact that in the original work of Simpson and 
ScRASE (1937) k was directly determined by observations at the instant the alti- 
electrograph left the ground. Thus it is difficult to see how CHAPMAN’s modified 
interpretation can be applied to the work at Kew. 

It is now generally agreed that fields of the order of 2-3 kV/cm exist within 
thunderclouds: indeed, Simpson and Roprnson (1941), in their model thunder- 
cloud, give such values, ascribing the small alti-electrograph figures to the particular 
tracks followed by many of the ascents. The most interesting feature, however, 
of the alti-electrograph results is not the actual magnitudes of the fields observed, 
hut the absence of any indication of an appreciable increase of the field with 
height. This implies a constant current in the alti-electrograph as the balloon 
rises. and therefore any law relating point-discharge current to the field which 
does not change with height must yield a constant value of the field. 

It is interesting to note that even in the work of Ross Gunn (1948), a trenchant 
critic of the Kew alti-electrograph results, there is strong experimental evidence 
that comparatively small fields exist, in thundery conditions, at considerable 
altitudes. CuNN, using a field mill in horizontal flights at a height of 5000 ft, 
could not detect fields exceeding 200 V/em. Since an accepted value for the field 
at the ground is 100 V/em, this is only an increase by a factor of 2 in 5000 ft. 
(:UNN also states that appreciable increases in field only occur when the cloud 
is entered, but it is not clear whether this applies only to entry from the sides or 
to entry from the base as well. 

Thus. in spite of many attempts at solution (for information see CHALMERS, 
1954), the absence of agreement between experimental observations of the field 
variation with height under a thundercloud, and the theoretical predictions 
based on point-discharge studies of, for example, WHIPPLE and ScrasE (1936), 
remains one of the major unsolved problems of atmospheric electricity. It would 
be unfortunate if the criticism, much of it unjustified, of certain aspects of the 
alti-electrograph results were allowed to obscure this fact. 
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Point discharge from an isolated point 
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Abstract—The point-discharge current J from an isolated point at 27-m and 34-m height was measured 
and related to the wind-speed W and the potential gradient F at the ground at 47 m to windward, and 


also to the output of an agrimeter 7 m below the point. 
The results were related by 1 = K(W + c)(# — M), and it is shown that a formula of a similar type 


also fits earlier results which had previously been thought to obey a square law for J against F. 


1. INTRODUCTION 


THE phenomenon of point discharge in atmospheric electricity occurs at trees and 
other exposed points when the atmospheric potential gradient becomes sufficiently 
great. The lines of force, concentrating on the point, give a field strength in a 
limited region which is sufficient to produce ionization by collision, so that extra 
ions of both signs are formed, beyond those which are normally present. The ions 
of the same sign as the potential gradient flow into the point and give a current 
considerably greater than the normal conduction current, while the ions of the 


other sign move upwards and form a space charge. The actual value of the point- 
discharge current depends upon the nature and situation of the point, the potential 
gradient, the rate of removal of space charge and perhaps on other factors. 

Observations having shown a relation between point-discharge current and 
potential gradient, Simpson and ScraSE (1937), followed by Simpson and RoBINSON 
(1940) and CHAPMAN (1952), attempted to use this to measure potential gradients 
below, in and above thunder clouds. They sent up balloons with points attached 
at different heights and made measurements of the current in the wire connecting 
the points. Some of the conclusions from these measurements were not in agree- 
ment with other measurements of potential gradients in and near thunder clouds 
(GUNN, 1948), and the basic assumptions of the method were questioned; in 
particular, doubt has been raised as to whether the relation between point-discharge 
current and potential gradient, as found for a point at the same height as a tree, is 
applicable to points attached to a balloon. 

Suggestions hawe been made that the true relation between point-discharge 
current and potential gradient could be obtained by laboratory investigations. 
However, the conditions are so different that this is not so; the space charge, 
mentioned above, quickly reaches an electrode in laboratory experiments, whereas 
in the atmosphere it must travel much farther and produces greater effects; also, 
wind has an effect in the atmosphere, and this is usually not included in laboratory 
investigations. 

The conditions of a point attached to a balloon are much closer to those of an 


258 





Point discharge from an isolated point 


isolated point than to those of a point at the same height as neighbouring points. 
Also, if a point is raised well above other, natural, points it will give point discharge 
at lower values of potential gradient, which means not only more frequent oppor- 
tunities of measurement but also that conditions are steadier. CHALMERS and 
MAPLESON (1955) used a point attached to a captive balloon, but found that obser- 
vations could be carried out only at low wind-speeds. It therefore seemed desirable 
to investigate the relation between point-discharge current, potential gradient and 
wind-speed for a point on a fixed mast at a height well above surrounding trees. 


2. Previous RESULTS 
WHIPPLE and ScrASE (1936) measured the current through a point at about the 
same height as the neighbouring trees and also the potential gradient at the ground 
nearby, during a few thunderstorms, and found the relation: 


I =a(F? — M?) (1) 


where J is the point-discharge current, / the potential gradient, and @ and JV are 
constants. CHIPLONKAR (1940) and YRIBERRY (1954) found agreement with this 
result; HuTCHINSON (1951) also obtained results in general agreement with (1), but 
found “‘humps”’ and also a tendency towards a first-power law for high values of 
potential gradient. 

CHALMERS (1952) showed that (1) can be deduced theoretically if it is assumed 
that there is no effect of wind; so that ions are removed from the neighbourhood of 
the point solely by electric forces. For a system of points close together, it might be 
expected that the effects of wind would be only to remove ions from above one 
point to above another point and so to produce little alteration in electrical 
conditions. 

With a single, isolated, point which is the only one to give discharge under the 
conditions at the time, matters are different and the wind is bound to produce an 
effect. CHALMERS and MAPLESON (1955) showed theoretically that: 


f= 3 "fh? (2) 


where V is the potential difference between the point and its surroundings, W the 
wind-speed and q a number not determined by the theory. 

CHALMERS and MAPLESON (1955) measured the current from a point attached 
to a captive balloon, and found the relation: 


I = K(FA)4wis (3) 


where / is the height. This agrees with (2), since, in the absence of space charge, 
V = Fh. This gives a value of q of 2-75. 
CHAPMAN (1956) suggested that the correct relation should be: 


[=k(V — Vv (4) 
where JV, is the threshold potential for discharge to take place, and v is the velocity 


of the ions, due either to the electric field or to the wind, according to conditions. 
He verified this formula from measurements on point-to-plane discharge in the 
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laboratory. discharge in a wind tunnel, and discharge from a point attached to an 
aeroplane. In the absence of wind. (4) assumes a form similar to (1) and in strong 
winds a form similar to (2), with q == 2. 

LARGE and PIERCE (1957) also verified CHAPMAN’s formula by measurements on 
the current through a point maintained at a high potential in the atmosphere; 
here. » was taken as the vector sum of velocities W, the wind-speed, and a term 
proportional to V, the potential of the point, the two being assumed to be at right 


angles. 

3. APPARATUS AND MEASUREMENTS 
To support the point, a triple-braced pole structure was erected, carrying a 5m single-pole 
extension at the top. The original height was 27 m, but this was later extended to 34m. The 
point was a stainless-steel rod 0-15 em in diameter, tapering to a radius of 0-002 cm at the tip, 
and 1-75 ¢m long: this was connected to a measuring galvanometer by coaxial cable. 

A simple field mill (MaprLeson and WuiTLock, 1955) was constructed and set up, inverted to 
avoid effects of rain, at 47 m to the west of the mast, and readings were only taken when the wind 
was in a westerly direction, so that charge liberated in the point-discharge process would not 
affect the ficld mill. Since it was to be expected that the potential gradient recorded by the field 
mill would be of the same sign as the point-discharge current, no sign discriminating device was 
used with the field mill, but sign changes could be recognized as the output reached zero. The 
rectified output from the field mill was recorded by a galvanometer. 

A scaled-down agrimeter (CHALMERS, 1953) was set up on the mast 7 m below the point. The 
output from this also passed through a recording galvanometer. 

The wind-speed was measured by the rectified output from a generating anomometer set up 


2 m below the point. 

The galvanometer deflections were recorded photographically on a drum camera of speed 
usually 6 cm per min; at 10-sec intervals the background of the record was fogged for 1 sec, and 
the recordings were usually averaged over the period between two such markings. Fig. 1 gives a 


portion of a typical record. 


4. OBSERVATIONAL RESULTS 


Not all of the records were suitable for analysis, and it was necessary to reject 
portions of records in which there were violent and rapid changes in point-discharge 
current, potential gradient, wind-speed or wind direction, for example in 
thunderstorms. 

There remained for analysis 1500 10-sec periods at 27 m and 600 at 34m. In 
each case, the results were subdivided into wind-speed groups of approximately 
1-25 m/sec width, and the variation of current with potential gradient could be 
investigated for each. 

The potential gradient used could be either that measured at the ground at 
47 m to windward or that measured by the agrimeter 7 m below the point. 

For the potential gradient at the ground, the results show for each range of wind 


speed that: 1 =C(F — M) (5) 
where C and M are constants. Fig. 2 shows an example of this. For the same 


height of point, M was found to be the same for all wind-speeds. 
Fig. 3 shows the variation of C with wind-speed, which was found to be linear 


up to 33 m/sec, giving the final relation: 
I= K(W +c)(F — M) (6) 
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Point discharge from an isolated point 
If J is in wA, W in m/sec, and F and M in V/m, the observations give: 
t 27 
om = 1:16 x 10-4(W + 4)(F — 295) 
and at 34m, 2-18 x 10-4(W + 6-8)(F — 220) 
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Fig. 2. 


These results were all obtained with negative currents down through the point, 
as insufficient results were obtained with positive currents. At 34m there were 
indications of a lower value of K and a value of M of about 250 V/m for positive 


currents. 
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Since no absolute calibration could be obtained for the readings of the agrimeter 
7 m below the point, the results cannot be expressed in such a definite form as (7) 
or (8), but they agree with (6) and show, as might be expected, much less scatter. 
When the potential gradient and point-discharge current become high, the 


Wind speed 


Fig. 3. 
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variation of J with F ceases to be linear, because of complications produced by 
point discharge occurring at points lower than the mast and to windward of the 


field mill. These ions travel with the wind and reduce the measured potential 
vradient at the mill, sometimes even reversing the sign. Throughout such periods, 
the agrimeter 7m below the point showed the usual linear relationship with the 
point-discharge current. In one particular case shown in Figs. 4 and 5, an inter- 
esting Comparison was made of the current, mill output and agrimeter output over 
a period of nearly constant wind-speed. The current altered rapidly from zero to 
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Fig. 4. 


-7 wA in under 2 min, during which time the ratio of the mill and agrimeter 
outputs remained constant. When the potential gradient, as measured by the mill, 
reached about —2200 V/m, the positive ions liberated at trees, etc. to windward 
caused a shift of about 750 V/m in the mill-current curve, while the agrimeter- 
current curve remained unaffected; this shift persisted until the current had fallen 
to —2 uA, by which time no more ions were being produced to windward and all 
the charges had moved away. 


5. Discussion 


The results show good agreement with CHAaPMAN’s (1956) formula, except that the 
ratio of the constants K for the two heights is not equal to the ratio of the heights, 
as would be expected if J depends on V, the potential; no satisfactory explanation 
of this discrepancy can be suggested. 
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If the results (7) and (8) are expressed in terms of V, the constants are 4:3 
10-§ and 6-3 x 10-8, to be compared with CHAPMAN’s value of 14 x 10-8; since 
it is to be expected that the shape of the point must have an influence on the con- 
stants, this divergence is not serious. In the present work, V, is found to be 
8-0 x 10? and 7-4 « 103 V, to be compared with CHAPMAN’s value of 6 + 4 x 10° V 
and LARGE and PIERCE’s (1957) value of about 7 x 10° V. 
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Fig. 5. 


LARGE and PIERCE (1957) have discussed the use of results such as the present 
on the interpretation of the alti-electrograph records and, in view of the complete 
agreement of the present authors with that discussion, the matter will not be dealt 
with here, except to emphasize that the original aim of the alti-electrograph was to 
obtain the sign, rather than the magnitude, of the potential gradient at various 
points in the cloud, and any discussion or criticism of the interpretation of alti- 
electrograph records as measuring the magnitudes of the potential gradients cannot 
in any way detract from the accuracy and importance of the sign measurements, 
giving the location of the main charges in the cloud. 

When WuipPLe and ScrasE (1936) compared their results with the square-law 
(1), they were influenced by the fact that laboratory measurements gave such a law. 
But the present and other results have shown that atmospheric measurements do 
not agree with (1) in certain cases, so it seemed desirable to re-analyse the earlier 
results, and the published results of WHIPPLE and ScrasE (1936) and of HUTCHINSON 
(1951) were analysed statistically to fit a formula: 


I = B(F — My (9) 
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using the values of JW as found by these authors and finding the best values of 7. 
This gave. for WHiprie and SCRASE’s results. 2 = 1-07 + 0°13, and for HuTcHIN- 
SON'S. Wl 1-09 + 0-06. using negative currents in both cases. In both cases, a 
test by the method of least-squares showed that (9) with the above values of n gave 
a better fit than (1). The closeness of these values to 1 suggests that CHAPMAN’s 
(1956) formula (4) is applicable rather than (1): referring to the theory, it would 
scem that wind must be important even in these cases. If there were no correlation 
between potential gradient and wind and if CHAPMAN’s formula is correct, then (9) 
would hold with x |. But if there is a tendency for higher wind-speeds and 
higher potential gradients to be associated together, then an analysis without using 
wind-speed would give 2 greater than 1, and an analysis of the present results in 


terms of (9) gives n» 1-5 - O-10, 
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Abstract —-extensive observations are described of the form, magnitude, quasi-period, and delay relative 
to the high-frequency component of the slow tails of atmospheric waveforms and the variations with time 
of day and propagation distance. Theoretical considerations of possible source conditions and propaga- 
tion characteristics fit the observations. They show that the observed linear dependence of the temporal 
parameters on distance can yield a constant height and conductivity of the equivalent homogeneous 
ionospheric layer independent of distance, but with different values for day and night. 


1. INTRODUCTION 


Very low-frequency components of atmospheric waveforms have been reported by 
AppPLETON, Wart, and Herp (1926) and studied by Watson-WartTt, HERD, and 
LuTKIN (1937). These initial detailed observations of the slow tail, which was found 
to consist of ‘‘a first quasi half-cycle which may be followed by a second and later 
half-cycles of sensible or negligible amplitude,” are assumed to refer to day-time 
recording. They were given in terms of two parameters: the delay ¢ as the time 
between the beginnings of the high-frequency oscillatory and slow-tail portions of 
the waveform and the half-period 7/2 as the duration of the first half-cycle of the 
slow tail. Their average quarter period and delay variations with distance are 
included in Figs. 5 and 6 for comparison. Slow tails were reported on waveforms 
from discharges as close as 100 km and their quasi periods were considerably larger 
than those from storms at two or three times this range. In describing the develop- 
ment of atmospheric waveforms with increasing distance, APPLETON and CHAPMAN 
(1937) also reported the appearance of a slow tail at about 100 km which separated 
from the high-frequency portion as the propagation distance increased beyond 
200 km, indicating considerably different group velocities for the high- and low- 
frequency components of the waveform. They suggested its possible connection 
with their c portion of the field change, due to a continuing current in the discharge 
channel. Watson-Wartrt et al. (1937) also indicated the fundamental difficulty in 
explaining the division of some waveforms into discrete high- and low-frequency 
portions; this requires a gap in the frequency spectrum at the source or selective 
absorption of frequencies between 1 and 5 ke/s in propagation. Bruce (1941) 
attributed the slow tail to the radiation fields of both a and c portions of the field 
change and so attempted to explain the observations of slow tails commencing 
before the oscillatory part, and calculated amplitudes in rough agreement with the 
values of Warson-Watr. However, neglect of the much greater electrostatic and 
induction fields at the distance considered vitiates the argument and the agreement 
appears largely fortuitous. Moreover, the radiation pulses from the a and c portions 
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of the field change are of opposite sign and would not combine to give a slow tail in 
the form of a single half-cycle. 

HALEs (1948) studied the problem in terms of wave-guide mode propagation. 
Radio propagation in the atmosphere bounded by the conducting earth and iono- 
sphere is an application of wave-guide theory to a wave-guide consisting of only 
two infinite, parallel, imperfectly conducting boundaries. RypBEcK (1944) showed 
that for low-order mode propagation the assumed form of ion-density variation 
with height exercises little influence, so that the approximation of a sharply 
bounded homogeneous ionosphere is justifiable. Hatrs obtained group velocities 
and attenuation coefficients for quasi zero-order mode propagation of the frequencies 
below 2 ke/s in terms of parameters y and k, defined by y = cr/27h and k = (c/4mh)! 
(o,-* + o,-*), where c is the velocity of light, h the height of the ionospheric layer, 
o, and o; the earth and ionosphere conductivities, and 7 the period of the signal. 
Assuming the ionospheric layer to begin at 60 km, application of the theory to 
Watson-Watt’s observations of slow-tail period and delay gave values of iono- 
spheric conductivity increasing linearly with storm distance beyond 1000 km. 
This was attributed to the reception of slow tails from distant sources only on 
occasions when the attenuation was low and the conductivity correspondingly high. 
More recent and comprehensive theoretical work by BUDDEN (1951) has shown the 
possible comparable contribution from propagation in the mode of order —1, but 
doubt exists about the excitation of negative-order modes (private communication). 
Calculated attenuation curves for propagation in the 0- and —1-order modes both 
indicate high daytime absorption of frequencies between 1 and 5 ke/s and consider- 
ably less absorption over a narrower band at night. CHAPMAN and Macario (1956), 
recording atmospherics with an audio-frequency spectrometer having band-pass 
filters covering the range 40 c/s to 16 ke/s, have largely confirmed these curves 
experimentally. 

The present paper gives the results of more comprehensive, recent observations 
of slow-tail waveforms and their theoretical explanation in terms of source and 
propagation effects which lead to consistent estimates of conductivity for the 
equivalent homogeneous ionospheric layer under day and night conditions. It is a 
detailed account of the results and analysis yielding the preliminary conclusions 
published earlier (HEPBURN and PrEeRcE, 1953). 


2. EXPERIMENTAL DETAILS 


Previous papers have described adequately the low noise-level, open site at 
Cambridge with the Wilson sphere vertical aerial system (WiLson, 1920) and the 
associated audio-frequency amplifier and recording system (HEPBURN and PIERCE, 
1954). Most of the waveforms discussed were recorded during the winter months 
of 1949/50 and 1950/51 between 0600 and 2130 hr, when the willing services of the 
Sferics organization of the Meteorological Office were available for the approximate 
location of the origin (i.e. fixing) of many individual waveforms. These were 
supplemented by various night-time recording periods when estimates of source 
position were available from specially arranged Sferics runs, extrapolation from 
the results of routine operation, or the direction-finding plus tuned-receiver 
apparatus operated by Dr. Bowe of the Cavendish Laboratory Radio Group 
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(Bows, 1951). The origins of a group of waveforms beyond the 3000 km range of 
the Sferics organization have been estimated from waveform shape and analysis 
based upon the pulse-reflection theory (HEPBURN and PIERCE, 1954). 

For the present investigation of slow-tail waveforms, defining parameters 
analogous to, but not identical with, fhose of Watson-Warrt et al. (1937) have been 
used. Watson-WarttT defined the beginning of the slow tail as the first detectable 
departure from the mean position. Because of the indeterminate beginnings of 
many of the slow tails, especially in daytime, an arbitrary criterion was chosen for 
defining their commencement. This was the beginning of the sinusoidal half-cycle 
whose form best fitted the first half-cycle of the slow tail. The interval from the 
triggering of the apparatus by the start of the high-frequency oscillatory portion 
of the waveform up to this defined point is taken as measuring the delay t of the 
slow tail, and the quarter period of this sine wave is taken as the quarter period 
7/4 of the slow tail. The separation s = t + 7/4 refers to the initial high-frequency 
oscillation and low-frequency peaks, assuming no oscillatory portion of the wave- 
form occurs before the triggering of the apparatus. Thus the separation is the only 
temporal measurement directly comparable with the earlier observations. Delays 
and quarter periods were estimated to the nearest 50 us for intervals less than 1 ms, 
and proportional accuracy was maintained for the longer times. The lower limit 
of measurement of about 20 mV/m is set by the risk of confusion with harmonics in 
the mains supply pick-up, which are not annulled by the 50-c/s compensating circuit. 
Full-scale deflection corresponds to +350 mV/m. 


3. APPEARANCE AND OCCURRENCE OF SLOW TAILS 


The appearance of the low-frequency field variation, which follows the initial 
high-frequency oscillations originating in the return stroke of lightning discharges to 


earth, varies with observing conditions. During daytime it consists of a single 
aperiodic excursion of either sign, intermediate in shape between a sinusoidal 
half-cycle and a Gaussian error curve (Fig. 1b). The time-separation of the high- 
frequency oscillations and the slow tail is often large enough for the start of the 
tail to show a gradual increase in slope. With the approach of night-time conditions 
the separation becomes smaller and, for the nearer discharges especially, the tail 
lacks the gradual variation and shows a more abrupt change from the zero level 
(Fig. la, e) and occasionally has the oscillations superimposed on it particularly 
in the case of reflection-type waveforms. Simultaneously, a second half-cycle of 
opposite sign usually develops, following the first smoothly and having up to twice 
its duration (Fig. la). The beginning of this second half-cycle is of considerably 
greater slope than its end, which tends to the mean level very gradually. For the 
nearest storms considered (at about 1000 km) the first quarter-cycle is of shorter 
duration than the second, the latter being quite sharply defined when the trace 
crosses the mean position to give the degenerate second half-cycle. Triggering of 
the apparatus on short-duration precursors, which are irregular high-frequency 
waveforms due to the stepped nature of the leader, just before the return stroke 
occurs, suggests that the tail does not start before the oscillatory portion in such 
cases (Fig. la, d). Under night-time conditions at much greater distahces to the 
south and south-east, as indicated by the smooth form of long-train reflection-type 
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waveforms (HEPBURN and PIERCE, 1954), the slow tail starts abruptly near the 
beginning of the waveform but gives a roughly symmetrical half-cycle, frequently 
ending abruptly also but often being followed by a second half-cycle of very similar 








(c) 


Fig. 1. Slow-tail waveforms. 


The time-sweep is 10-ms duration in each case. Tracings are given, as the large range in writing speed 
on some of the waveform traces made satisfactory reproduction of the originals impossible. Notes on 
particular examples include recording date and time, the Sferics fix for the individual discharge or storm 
centre in terms of geographical location, range, and azimuth, and the characteristics of the waveform. 


(a) 28.5.51, 0500. N. Germany, 1300 km, 78°. Precursor and return-stroke waveforms both 


with associated slow tails. 
(b) 27.5.51, 1920. N. Atlantic, storm at 2200 km, 270°. Quasi-sinusoidal waveform with slow 


tail of onz half-cycle. 
(c) 27.5.51, 2300. Storm at ~4000 km, 194°. Long-train reflection waveform superposed 


on slow tail having several half-cycles. 
(d) 27.11.50, 1900. N. Atlantic, 2600 km, 284°. Irregular quasi-sinusoidal waveform with 


precursor and slow tail. 
(e) 12.12.50, 1900. Storm beyond 3000 km to the south. Smooth long-train reflection wave- 


form and slow tail of one half-cycle. 
delayed slow tail of three half-cycles. 


amplitude and period (Fig. le). To the west and south-west also, shown by the 
presence of a quasi-sinusoidal-type waveform (CATON and PiERcE, 1952),* very 
similar phenomena occur, but it is more common for the tail to consist of two 
nearly equal almost symmetrical half-cycles which do not commence until the 
high-frequency oscillations have decayed (Fig. 1f). Later in the night, particularly 
towards the early hours of the morning, more half-cycles up to five have been 


* The author maintains (HEPBURN, 1952) that quasi-sinusoidal waveforms are characteristic of all 
storms to the west and south-west beyond about 1700 km, irrespective of time of day, and that differences 
—from Caton’s Smooth Day-time type—of oscillation-amplitude decay and increase of period are 


functions of distance rather than time of day. 
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recorded (Fig. Ic). The half-cycles gradually decrease in amplitude and the 
durations increase very slowly. Slow tails occasionally accompany waveforms of 
leader-stroke origin (Fig. la). 

On the basis of the present results there is no evidence for a clear division 
between waveforms showing slow tails and those possessing none. A continuous 
range of amplitude is noted from the limit of measurement to full-scale deflection— 
a range of 15 to 1 (Fig. 4). The frequency of occurrence of positive slow tails 
(those having a positive first half-cycle) increases rapidly as the amplitude con- 
sidered decreases. Large amplitudes are relatively much more common for the 
negative slow tails (Table 1); i.e. the variation of occurrence with amplitude is 
much less. A decrease of occurrence with decreasing amplitude is not noted until 
the limit of measurement is reached for positive or negative slow tails. The 
proportion of waveforms having measurable slow tails varies considerably from 
time to time, averaging about 10 per cent for day-time records and 20 per cent in the 
evening. although individual storm centres show appreciable variations. Under 
full night conditions it has been observed that almost all of the quasi-sinusoidal 
waveforms have a measurable low-frequency component and the proportion of 
large slow tails greater than one-fifth of the oscillatory portion is comparatively 
great, often amounting to 40 or 50 per cent. Smooth long-train reflection-type 
waveforms almost always have slow tails also. Large amplitude pulses of the 
nearer night-time, peaked variety of long-train waveform confuse the start of the 
trace and often make assessment of the slowly varying component impossible; 
however, the great majority show slow tails. During the sunrise period, when the 
reflection peaks of the long-train waveforms are becoming attenuated, most wave- 
forms possess a slow tail, but the majority are of small amplitude, although the 
later day-time records from the same centre show no unduly great proportion 
(Fig. la). 

The relative proportion of positive to negative slow tails is variable from storm 
to storm. The average for night-time storms within 5000 km is 2-8 (138 slow tails). 
The day-time ratio decreases as the more distant storms are included and falls 
from 2-5 for storms within about 3000 km to 2-2 when storms up to 5000 km are 
included, suggesting that the more numerous small positive slow tails become 
increasingly too small to be measured. The slow tails associated with the smooth 
long-train waveforms are more predominantly positive—4 or 5 to 1. The mean 
proportion for the 620 waveforms measured in detail and for which estimates of 


the source are available is 3-5 to 1. 


4. DruRNAL VARIATION OF SLOW-TAIL QUARTER PERIOD 


4.1. Characteristic slow-tail quarter period 

The quarter period is the most characteristic parameter of the slow tails 
originating in a given storm centre, and the probable error of the mean can be 
found to an accuracy of a few per cent for day or night. For day, significantly 
different mean values are frequently obtained for the various active storm centres. 
Thus, on one occasion the mean values for three centres were 1080, 1550, and 1970 
us for 4, 9, and 20 waveforms respectively, each with a statistically probable error 
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of 65 ws, deduced from the spread of the results assumed normally distributed. 
In the evening, significantly different mean values are only obtained for two 
storms when they both occur in the south-west quadrant at different distances, or 
one is to the south-east and the other to the south-west. When slow tails originate 
to the east or south-east at night, the mean quarter period is close to 600 us and 
any differences are not generally significant. For 80 slow tails recorded and fixed 
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Fig. 2. Slow-tail quarter period against time after sunset at source. 
—(©Ow— Mean value for each half-hour interval. 


during the evenings of one fortnight in November 1950, those from the south-east 
had a much shorter quarter period of 580 us and showed a smaller probable variation 
of +160 us than those from a comparable range of distances to the south-west, for 
which the value was 900 + 300 ws. The mean quarter period may be characteristic 
of a chosen source during the day and early evening, but when full night-time 
conditions occur, the mean values are so similar that they are not sufficiently 
accurately determined by the few observations available to be significantly different. 


4.2. Sunrise and sunset phenomena 

The 271 evening observations have been arranged so that any effects of the day- 
to-night transition would be more obvious by plotting observed quarter period 
against time of occurrence measured in hours after sunset at the source as a 
convenient parameter (Fig. 2). Periods recorded just before sunset are typical of 
full day-time conditions. The limitations of the graph must be remembered in 
attempting its interpretation. No account has been taken of source distance or 
direction, and because of the absence of afternoon observations all the points 
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referring to discharges occurring within an hour of source sunset are from discharges 
at considerable distances over the Atlantic Ocean, whereas flashes over the Medi- 
terranean are the only ones contributing to the ‘‘4 and 5 hours after sunset” 
averages. For slow tails of westerly origin, source sunset occurs considerably later 
than sunset at the observing station, so that such waveforms produced at source 
sunset are propagated in a region after local sunset, whereas from Mediterranean 
storms in winter-time propagation is almost along rather than perpendicular to 














Quarter period 
re) 




















Recording time 


Fig. 3. Slow-tail quarter period against recording time for two Atlantic storms. 
) Distant origin, x near origin, — mean variation. 


the sunset isochrones. The graph suggests that the transition from day to night 
conditions begins after local ground sunset at the midpoint of the propagation 
path and is completed less than 23 hr after sunset. In the present investigation 
“night-time” signifies that all the direct propagation path lies in regions at least 
23 hr after local sunset. 

The Sferics organization was not available for locating night-time storms over 
the Atlantic Ocean, but slow tails from such storms were shown to exhibit the 
same transition (Fig. 3) by recording waveforms from two centres to the south-west 
each hour of a 6-hour series, distinguishing the centres on the basis of the.relative 
responses of tuned amplifiers (Bower, 1951). For the nearer centre off the Portuguese 
coast the final quarter period was reached about 2 hours after source sunset, which 
was 3 hours after sunset at the observing station. 

Early morning recording of waveforms from 3200 km over the Atlantic Ocean 
showed an appreciably greater rate of change of quarter period with time during 
sunrise than occurs at sunset. Mean values of 660 and 1060 ws were found for 11 
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and 18 slow tails recorded at 0620 and 0720 hr respectively. Sunrise was at 0700 hr 
at Cambridge and 0845 hr at the estimated storm centre. 


5. VARIATION OF PARAMETERS WITH DISTANCE 

By considering only typically day-time or night-time waveforms. the complica- 
tions of the transition are avoided and the effects of distance can be studied, as 
there is apparently no major variation during the day or night. Day-time results 
are from waveforms recorded within 3 hours of noon and have no restrictions on 
source position other than storm occurrence. Night-time results are largely from 
storms to the south and south-east, with a few from the nearest storms to the 
south-west and west. Distance estimates are from Sferics information unless 
otherwise stated. Mean curves have been plotted from scatter diagrams of the 
various parameters for day and night conditions (Figs. 4-7) and the values obtained 
by Watson-Watt et al. added for comparison. Averaging is generally over 500 km 
intervals centred every 500 km. 


5.1. Amplitude 


The mean amplitude of negative slow tails is consistently 50 to 70 per cent 
greater than for positive slow tails, although they are found only 40 per cent as 
frequently (Table 1, Fig. 4). By day, the mean amplitude decreases with increasing 
distance, but at night this is not observed. However the running means of the 
three largest amplitudes within 1000 km intervals decrease steadily, conforming 
remarkably well to an inverse distance law by day and an inverse square-root law 
at night. 

For a small group of 55 waveforms the mean ratio of slow-tail to high-frequency 
oscillatory amplitude decreased with increasing distance during the early evening, 
but increased at night. A mean value of 0-2 at 1500 km for either time falls to 0-1 
at 2000 to 3000 km in the evening but rises to 0-4 at 4000 km at night. 


5.2. Quarter period 

For both day and night the mean slow-tail quarter periods show a systematic 
almost linear increase with storm distance (Fig. 5): by day at a distance of d km 
7/4 = 0-24d + 520 us and at night 7/4 = 0-08d + 510 ws. These best straight 
lines through the scattered points for the two conditions give almost the same 
intercept of 515 ws at zero distance, but this is by extrapolation from minimum 
distances of 500 to 1000 km. 

By day for a given distance the slow-tail quarter periods show large scatter 
which increases with the observing distance from 20 to 30 per cent at 1000 km to 
40 or 50 per cent at 4500 km. At night this scatter is less at comparable distances. 
No difference has been found between the temporal parameters for the positive 
and negative slow tails. 

An exception to the generally applicable conclusions reported above has been 
discovered on only one day (21.11.50), when a storm-centre south of Italy gave 
waveforms almost all of which showed slow tails of small amplitude and abnormally 
short mean quarter period which increased significantly from 550 to 610 ws between 
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Fig. 4. Slow-tail amplitudes against distance. 
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Table 1. Slow-tail occurrence and amplitude 





Overall totals and averages 
Distance Nt Nt+/Nt 


1—3000 km 


0—5000 km 





The numbers (N), mean amplitudes (A), and mean amplitudes of the three largest (P) for positive 
and negative slow tails in 500-km source distance intervals (D) by day and night. 
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1100 and 1300 hr GMT. No reports of ionospheric or magnetic disturbance for that 
day have been discovered. 


5.3. Delay 


The mean values of slow-tail delay increase with distance more rapidly than the 
corresponding quarter periods. A linear law is a reasonable approximation in each 
case (Fig. 6). giving f — 0-33d — 370 us by day and t = 0-13d — 140 us by night. 
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Fig. 6. Mean slow-tail delay against distance. 


At the shorter distances of 1000 to 1500 km by day and 1000 to 2500 km at night 
there is considerable aggregation of points along the zero delay axis, but beyond 


1700 km in each case the individual values show even greater scatter than the 
corresponding quarter periods. 
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Fig. 7. Mean slow-tail separation against distance. 


5.4. Separation 

Mean values of separation are given in Fig. 7 for comparison with earlier results 
and with estimates from long-train reflection-type atmospherics. For the latter, 
direct estimates of delay and quarter period are impossible when a smooth waveform 
triggers on the slow tail (HEPBURN and PIERCE, 1954), the beginning of which 
cannot be estimated reliably. The interval between the calculated beginning of the 
train of oscillations and the observed maximum of the slow tail is taken as the 
separation for these slow tails. The night-time and long-train waveform estimates 
appear to be in good agreement between 3500 and 4500 km but at shorter range the 
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calculated values are noticeably shorter. The slopes of the best straight-line averages 
for these night-time cases agree within 8 per cent, but the intercepts at zero distance 
are 370 and 80 us, suggesting that direct measurement may include extra time 
not accounted for by straightforward calculation (HEPBURN and Pierce, 1954; 
HEPBURN, 1957). 


5.5. Directional and random effects 

Possible effects of propagation path orientation upon the slow-tail parameters 
were investigated because the direction of the source exercises so large an effect 
upon the high-frequency part of the waveform (CATON and PIERCE, 1952; HEPBURN, 
1952). Also, time of occurrence and source distance gave an incomplete specifica- 
tion for the average quantities for a given storm centre, apart from outstandingly 
abnormal conditions as described in 5.2. Divergences of the mean quarter-period 
for individual storm centres from the value indicated by the average distance 
relationship suggest systematic directional, or perhaps random, effects. Thus, 
on one day previously cited, when several slow tails were received from three 
storm centres, waveforms from the south-west, ascribed to a centre at 2000 km on 
the evidence of the Sferics information half an hour earlier, gave a mean quarter 
period of 1970 ws, which is more characteristic of a storm at 6000 km (Fig. 5). 
At the same time slow tails from a centre to the south-east had a mean quarter 
period of 1100 us typical of 2400 km, but the Sferics organization fixed a storm at 
1400 km. Similar discrepancies were found at night. The mean limiting quarter 
period of 640 us for the distant storm to the south-west referred to in 4.2 is less 
than the 800 to 850 us expected, if the distance is estimated roughly from the time 
at which the limiting period was attained. 

The day-time records referring to numerous occasions and a wide range of 
storm distance and direction, which tend to average out any random phenomena, 
have been investigated for a directional effect by grouping the results corresponding 
to the sources occurring in four overlapping 50° sectors from south-east to west. 
In each group the quarter period-distance relation was investigated and the diffe- 
rences were shown to be statistically insignificant for the small number of records 
(84) available. 

Agreement of the results for individual storm centres with average behaviour is 
not as good as might reasonably have been expected and the difference does not 
appear to be a directional effect. More accurate range determination would be of 
great help in checking the significance and magnitude of the discrepancies and may 
resolve the problem without invoking other variables. In the latter event the 
consistency of slow-tail quarter period from a given centre and the average varia- 
tion with distance suggest an extremely simple method of source-distance estimation 
from a single observing station capable of a day-time accuracy of a few hundred 
kilometres in several thousands (HEPBURN, 1952). 


6. THEORETICAL CONSIDERATIONS 


6.1. Possible origin in leader strokes 
For the correct application of theoretical considerations to the experimental 
results, in an attempt to derive ionosphere properties, due regard must be paid to 
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the origin of the slow tail. Bruce (1941) has suggested a possible partial origin 
in the radiation field of the a portion of the net field change of the discharge which 
is due to the leader stroke. An approximate average field change due to an a-type 
leader stroke (PIERCE, 1955) corresponds to the lowering of 10 coulombs half-way 
to earth from a height of 3 km, giving electrostatic field changes of 270 and 10 
mV/m at distances of 100 and 300 km, respectively. The radiation and induction 
fields depend upon the time-variation of the electrostatic field. This increases as a 
low-order power function of time (SCHONLAND, HopcGEs, and CoLLEns, 1938) and 
gives a radiation to electrostatic field change ratio of (br/ct)?, where 6 is the low- 
order power, r is the storm distance, c the velocity of light, and ¢ the duration of the 
leader stroke. Values of ¢t are in the range 3 to 30 ms or greater, giving a maximum 
value of 1 : 9 for the ratio at a distance of 100 km, taking 0 as large as 3; and unity 
at a distance of 300 km. Thus any field change at short range is largely due to the 
electrostatic term. The rapidly occurring electrostatic field changes of f-type 
leader strokes occur several milliseconds before the return stroke (SCHONLAND et al., 
1938), so that any slow tail produced would be quite distinct from a low-frequency 
component generated by the return stroke. Even the more rapid Jeaders to sub- 
sequent strokes in a discharge, of similar form and of about 1-ms duration, are 
comparatively ineffective, since the net field changes occurring are much less than 
for «-type leaders (SCHONLAND et al., 1938). Thus the origin of the slow tail must 
generally be sought entirely in the field radiated by the much heavier current of 


the return stroke of the lightning discharge. 


6.2. Origin in the radiation field of the return stroke 


The precise variation of current in the lightning-discharge channel governs 
the amplitude of the low-frequency component produced (HEPBURN, 1957). 
Bruce and GoLpDE (1941) have given an analytical expression for a typical initial 
current variation which explains adequately the form and magnitude of the 
response recorded with loop aerials due to the higher frequencies. More recently, 
NoRINDER (1951) has suggested a much slower but similar variation of discharge 
current, which Morrison (1953) has shown may be expressed for the first 300 us 
in the analytical form given by BrRucE and GOLDE with appropriate reduction of 
parameter values by factors of the order of 10. A modified form of the Bruck and 
GOLDE expression has been suggested (HEPBURN, 1952 and 1957) which is very 
much more adequate for describing the net changes and corresponding low- 
frequency components without modifying the higher frequencies. From such a 
typical modified expression of the form J = Ae~*t — Be-*t + Ce-”t, where A, B, 
C = 20, 25,5 kAanda, 6, y = 5 x 104,5 x 10°, 7 x 107s, respectively, the relative 
Fourier components in the free-space radiation, induction, and static electric fields 
are given in Fig. 8. The component fields contribute comparably at frequencies 
of 200 and 50 ¢/s for distances of 250 and 1000 km respectively, and only at several 
times these frequencies are the induction and static fields negligible. The curves 
show that if slow tails contain appreciable component frequencies around 100 c/s, 
as the graph suggests, the slow-tail form is only predominantly of radiation-field 
origin at distances greater than 1000 km. 
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6.3. Field equation and amplitude decay 

Expression of the resultant electric field in terms of the familiar radiation, 
induction, and static components is only justified in the case of an infinite homo- 
geneous medium or a semi-infinite medium bounded by a perfectly conducting 
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Fig. 8. Radiation, induction, and static field components. 
Fields at 250 km, ———— fields at 1000 kim. 


sheet. Numerical values in the preceding section have been used to give clarity 
rather than strict precision to the discussion of the effect of increasing distance. 
In the presence of a second parallel conducting layer (e.g. ionosphere) it has been 
suggested that the radiation field should be governed by the 1/d spatial attenuation 
given by the field equation up to distances of the order of 300 km and thereafter 
vary as 1/Vd, because of the two-dimensional divergence of the energy (THOMAS 
and Burasss, 1947). These considerations are applicable to single-frequency field 
strengths and not waveform measurements in all cases. The observed 1/d attenua- 
tion of the high-frequency portion of the waveform does not conform to this 
suggestion, as the effect of the ionosphere is to reflect the incident pulse which is 
received later than the direct pulse and so cannot modify its amplitude. However, 
the duration of the slow tail is such that overlap of the reflected low-frequency 
component may be visualized when recording at large distances from the source, 
and 1/Vd attenuation can be expected at such range in the absence of strong 
attenuation by imperfectly conducting boundaries (cf. night-time amplitudes 
described in 5.1). Alternatively, consideration of the propagation of cylindrical 
waves from a source between parallel conducting surfaces (BUDDEN, 1951) leads 
to a solution in the form of a series of Bessel functions which approximate to the 
radiation-field spectrum with 1/V/d attenuation at large distances and of which 
generally only the first term contributes at such low frequencies. 
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The three-term field equation is thus applicable up to a few hundred kilometres 
where ionospheric effects become significant, beyond which the strict analysis 
including a second conducting boundary is required; however, the latter gives the 
same results as the former at large distances, provided the simple correction is 
made for the two-dimensional energy divergence. 


6.4. Frequency components and form of the slow tail 


For the current variation considered, frequency components of the radiation 
field in the range 100 to 1000 c/s are excited with amplitudes closely approximating 
to the empirical form A A, {l exp (—f/f,)}, where f, = 200 c/s. From the 
work of BUppEN. the relative amplitudes of corresponding frequencies remaining 
after attenuation by a propagation of 1000 km under day-time conditions for the 
modes of order 0 and — 1 can be expressed empirically by the factor exp (—f/f2), 
where fy - 700 ¢ ‘s. ‘The resultant low-frequency component spectrum A, . exp 
( f/fs) {1 exp (—S/f,)} shows a maximum at 300 e/s and half-power points at 
100 and 700 ¢/s. Fourier synthesis of this type of spectrum gives a form having 
“duration” at greater than half-amplitude equal to the reciprocal of the bandwidth 
modulated by a frequency of the order of the predominant frequency of the 
spectrum. For the current variation considered, the phase angles of the low- 
frequency components are all close to zero (HEPBURN, 1957) and the synthesis 
yields a distorted half-cycle of about the predominant frequency of the spectrum 
with a very degenerate subsequent excursion. The Bruce and GoLpe current 
variation gives amplitudes less by a factor of about 10 and phase angles 6(f) = 

7/2. resulting ina much smaller waveform having two half-cycles of the order of 
the predominant frequency in the spectrum. 

Slow-tail frequency components are largely determined by the individual 
values of the amplitude and time-constant of the continuing current—the quantities 
(and y of the expression for the discharge current—and the magnitude of the net 
change by their product. Pairs of values such as 20 kA, 358 ws or 0-5 kA, 14-3 ms 
would give the same net change without significantly altering the initial part of the 
current waveform. Variation of the amplitude of the continuing current, C, has 
an almost directly proportional effect on the slow-tail amplitude. Reducing the 
time-constant y modifies the spectrum, which is of significance in producing 
variation of observed slow-tail quarter periods. It is estimated that the greatest 
variations in the increase of amplitude with frequency can only be by a factor of 
2 either way if the amplitudes are to stay of significant magnitude; i.e. f, lies in 
the range 100 to 400 ¢/s, corresponding to short- and long-duration slow tails. 
The time-constant also controls the slope of the phase-frequency characteristic in 
the region of the slow-tail frequencies, causing scatter in the delay of the slow tail 
with respect to the higher frequencies (see 6.5). Calculated frequency spectra for 
short, average, and long slow tails observed at 1000 km by day are shown in Fig. 9, 
and the deduced slow-tail durations and approximate quasi-periods given in 
Table 2. 

Propagation paths greater than 1000 km give increased attenuation, and the 
appropriate value of f, is correspondingly reduced to values of 700/2 and 700/3 ¢/s 
for distances of 2000 and 3000 km respectively. This reduces the upper half-power 
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frequency limit of the spectrum (Fig. 9), giving correspondingly narrower band- 
width and longer tail duration and quasi-period (Table 2). As the predominant 
frequencies decrease with the bandwidths, the general forms of the slow tails are 
substantially unaltered. Approximately linear increases of duration and quasi- 
period with distance are an interesting feature of the analysis. 
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Fig. 9. Calculated slow-tail frequency components. 
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At night the ionosphere lower boundary is higher and more well defined, so 
presenting a higher conductivity. The effects in these circumstances are more 
difficult to assess; however, the attenuation of frequencies near 2 ke/s is much less 
complete (BUDDEN, 1951; CHAPMAN and Macario, 1956), indicating an appropriate 





Table 2. Estimated slow-tail duration and quasi-period 
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value of f, much above the 700 c/s for 1000 km path in daytime which gives a 
wider spectrum and correspondingly reduced slow-tail duration and quasi-period. 
For long, slow tails in these circumstances, i.e. f,; ~ 400 c/s, the bandwidth may be 
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as short as for day-time, but the predominant frequency considerably larger, 
giving correspondingly more half-cycles to the slow tail. 


6.5. Slow-tail delay at zero distance 


The transmission path causes a delay of the slow tail and also attenuates the 
higher frequencies of its spectrum. The presence of induction and static electric 
fields at short range makes it impossible to observe the undelayed position of the 
slow tail, and even without this complication the absence of attenuation beyond 
the slow-tail spectrum because of negligible propagation path would result in a 
discrete slow tail not appearing. However, it is necessary to know the undelayed 
positions of the appropriate frequencies to determine the absolute dispersion. This 
can be assessed by extrapolation of the delay-distance graph to zero distance, 
assuming its linearity, or by estimation from theoretical considerations. However, 
in the former case thie negative values of delay at zero distance could possibly be all 
attributed to the loss of the initial portion of the waveform occurring before 
triggering of the apparatus. The magnitudes are large, but the suggestion is 
supported by the greater value of the intercept by day, for which a proportion of 
the waveforms are of the quasi-sinusoidal type where the oscillation amplitude 
increases to a maximum over several cycles. 

Theoretical considerations in 6.4 show the earliest slow tails to occur when the 
low frequencies all have phase 6(f) = —7/2 at the source, giving two comparable 
half-eyeles. They are of small amplitude, as these are the conditions for little 
or no continuing current in the discharge (HEPBURN, 1957). The high frequencies 
then result in a pulse situated between the half-cycles of the slow tail before 
dispersion and give a delay at source tf, equal to —7/2. In addition, when the slope 
of the phase characteristic 6(f) is not equal for the low frequency f, and high 
frequency f;, regions of the spectrum, a phase delay t, = 6(f;,) — 6(f,) of the slow 
tail with respect to the high frequencies occurs as another source phenomenon 
quite distinct from propagation effects. The observed delay t is the sum of the total 
source delay f, and the true propagation delay 7' less any time ¢, due to late 
triggering: ¢ =f, + 7 —t,. For the particular current variation considered in 
detail, the appropriate frequencies are of greater amplitude and give a slow tail in 
the form of a half-cycle starting 7/4 before the high-frequency pulse less 125 us due 
to the differences in slope of the high- and low-frequency ends of the phase characte- 
ristic: i.e. t, =¢t, — 7/4. A continuing current of longer duration would give a 
similar delay and be unlikely to have much more than the correspondingly decreased 
amplitude. The form of current variation used above is not far from that which 
gives the largest slow tails consistent with acceptable averages of net field change 
and radiation pulse amplitudes. Hence the most common source delay giving 
recorded slow tails is expected to be close to t, — 7/4. 

An associated problem in the evaluation of the true retardation of the slow-tail 
frequencies is the point on the slow tail to which the time is measured. This could 
reasonably be measured from the first high-frequency peak to the first slow-tail 
peak, or from the beginning of the high-frequency oscillations to the start of the 
slow tail, as done by Watson-Watrrt et al. It is seen that in the case of slow tails 
having a single predominant half-cycle, corresponding to appreciable energy in the 
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very low frequencies and hence to the most frequently observed day-time slow 
tails, the separation s = ¢ + 7/4, rather than the delay, is desired. For discharges 
not having long-duration currents and giving slow tails of two half-cycles, the 
retardation should be measured to the point between the two half-cycles, i.e. 


t + 7/2. 


7. IONOSPHERE PARAMETERS 


7.1. Parameter magnitude and consistency from delay measurements 


Following the method of Hatzs (1948), values of slow-tail quarter-period and 
delay, obtained at 1000 km intervals from the best linear relations of these measure- 
ments with distance, have been used to determine corresponding values of his 
parameters (c/u — 1) and y (HEPBURN and PIERCE, 1953). Whereas HALEs chooses 
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Fig. 10. Consistency of derived ionosphere parameter k for assumed layer height. 


a definite ionosphere height of 60 km to which to refer his estimates, in the present 
instance they are evaluated for the 50- to 90-km range at 10 km intervals. By 
means of the graphs given by HALEs (loc. cit., p. 70) these pairs of parameter values 
have given estimates of the parameter & for various distances and ionosphere 
heights for day and night (Fig. 10). The procedure has been repeated for “corrected” 
delay values, increased by their respective intercepts along the delay axis, on the 
assumption that the linear delay-distance relation should pass through the origin. 
In each case variation of ionosphere height has comparatively little effect upon the 
values of k obtained. The method fails completely for distances less than 1000 km 
in the uncorrected case, as the delays become negative. As the range increases, the 
method is less sensitive to errors in the evaluation of delay and the k values tend to 
the same steady value in either case. 

The uncorrected delay values give an untenable result, the corrected values give 
a fairly constant result, but departures from constancy are primarily due to the 
magnitude of the correction. HaxEs has accepted the correction as fixed at the 
value of the intercept and explains the variation of k with distance (which is three 
times larger than the present estimate) as a natural selection of observations. 
Because the scatter of observed quarter-period and delay from a given distance 
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can be explained in terms of source phenomena and perhaps inaccurate distance 
estimates rather than day to day fluctuations of the ionosphere, it is felt desirable 
to adhere to a constant ionosphere specification in the first instance. For a value 
of k independent of distance and equal to the limiting value at large range obtained 
from the curves of Fig. 10, the true values of propagation delay 7’ may be calculated. 
They differ from the observed mean delays by an amount independent of the 
assumed ionosphere height and storm distance. With k = 0-22 and 0-29 for 
heights of 50 and 90 km respectively as day-time estimates, and 0-12 and 0-157 at 
night, the delay corrections (¢, — t,) become 240 + 15 ys by day and 105 + 4 us at 
night. Conversely, if constant correction is assumed, the k values are constant to 
4 per cent. : 

The above situation, being the most consistent interpretation of the results as 
applied by Hates, indicates that the slow tail must be ascribed a negative delay 
at zero distance t, — t, by extrapolation for both day and night conditions. The 
difference between the day and night corrections gives an estimate of the difference 
of the average triggering delays, if the average source delay remains constant. 
The triggering delay is thus 135 ws greater by day than at night, substantiating the 
expectation expressed earlier (6.5). If the triggering delay on night-time wave- 
forms is negligible, the source delay t, = 105 us is considerably less than the 
510-us value of 7/4 at zero distance, indicating an average phase delay of 
about 405 us. However, the difference in triggering delays estimated from the 
intercepts gives 230 us, possibly indicating that the average source delay is not 
constant. 


7.2. Parameter values from separation measurements 


From theoretical considerations in 6.5 the retardation of the slow component is 
generally more accurately measured by the separation. Using separation in place 
of delay values and assuming an ionosphere height of 60 km, as the distance 
increases from 1000 to 4000 km, values of k fall from ~0-8 to 0-455 by day and 
~0-7 to 0-31 at night. The asymptotic value cannot be estimated accurately 
because of the rapid variation of k. However, with fixed values of 0-39 by day and 
0-20 at night the calculated separations are consistently less than the observed 
values at each 1000-km interval by 420 + 20 and 445 + 10 us respectively. For 
an ionosphere height of 90 km by night, k = 0-25 gives the most uniform values 
of —430 + 10 us for the separation correction over the distances considered. 
Once more if the night-time triggering delay is negligible and the source delay 
remains constant, these results indicate negligible triggering delay by day and a 
phase delay of about 425 ws. The consistent values of the parameter k deduced from 
the separation measurements are both 60 per cent greater than those obtained using 
delays. 


7.3. Lonosphere height and conductivity 


Having estimated the k values which give consistency for the various assumed 
ionosphere heights, it is desirable to compare the corresponding conductivities of 
the equivalent homogeneous ionosphere for these heights with values actually 
observed or independently estimated. RypBrck (1944) has calculated that the 
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form of the electron density variation with height in the ionosphere has little 
effect upon the propagation of the lowest-order modes, but has given no indication 
of the relations between height and conductivity of the equivalent homogeneous 
ionosphere and the height, maximum conductivity, and scale height of the equi- 
valent parabolically varying electron density (i.e. Chapman layer) which are 
necessary for equal propagation factors. It will be taken that equivalence occurs 
when the conductivity at the base of the homogeneous layer is comparable with 


Table 3. Ionosphere conductivity 
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10° >108 >3 x 108 





that at the same height for the electron density actually occurring, in order that 
separate estimates may be made of height and conductivity. 

Agreed values of electron density N and collisional frequency v for day and 
night are difficult to obtain, but as the former varies so rapidly with height, little 
is lost by lack of precision. 

Depending upon the use of separation or delay measurements, corresponding 
values of conductivity of 1-9 or 5-2. 10° e.s.u. occur at about 70 km by day, and 
4-2 or 11. 10% e.s.u. near 90 km at night. At night the actual conductivity increases 
very rapidly in the region of 90 km, and there can be little ambiguity about the 
actual position of the layer. By day the change in conductivity is not as obvious, 
but below 70 km the conductivity varies more rapidly with height than above this 
level. The difference in conductivity values depending upon the use of delay or 
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separation measurements is not large enough to indicate appreciably different 
heights of the equivalent layer, but use of the latter gives layer conductivities 
only 40 per cent of those previously obtained from the delays for both day and night 
conditions. 


8. CONCLUSION 


Theoretical discussion has shown that the properties of slow tails and their 
variations with recording time and storm distance may be explained in terms of 
acceptable source and propagation factors. Analysis of these more recent results 
by a critical application of HaLEs’ method indicates that they are most satis- 
factorily explained in terms of constant ionosphere properties and an average source 
for which the slow-tail frequencies have a relative delay of about 425 ws with 
respect to the high frequencies of the spectrum. Equivalent homogeneous iono- 
spheric layers at heights of 70 km by day and 90 km at night having conductivities 
of 1-9 and 4-2. 10% e.s.u. respectively are deduced from comparison with estimates 
of ionosphere conductivity variation with height and are only 40 per cent of the 
values obtained by Ha.zs’ direct application of the theory. 
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The fading of radio waves reflected from the E layer 
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Abstract-- The amplitude and phase of waves of frequency 2 Mc/s reflected vertically from the E 
laver were studied. It was found that there were regions in the wave pattern, of extent D, at the centre 
of which the phase-path exceeded that at the edges by AP. When AP/D < 0-025 approximately, the 
variations of amplitude and phase were associated as they would be if the phase variation was caused 
hy a concavity in the reflecting layer. There resulted a ‘“‘burst’’ of amplitude caused by focusing, inside 
which there was comparatively rapid fading. When AP/D > 0-025, the conditions became more 
complicated, but on one occasion could still be analysed in terms of a moving concavity in the layer. 
Observations made at night on waves of frequency 200 ke/s reflected at an angle of incidence of 


about 40° were explicable in terms of the same model. 


1. INTRODUCTION 


WHEN a single downcoming radio wave, reflected vertically from the F layer, is 
examined, it is found that, for most of the time, there is irregular fading about a 
mean value which is approximately constant for periods of the order of 1 hour, 
hut that sometimes the mean amplitude increases, by a factor which may be 5 or 
more, for periods of the order of 5 or 10 min. These “bursts” of amplitude in waves 
reflected from the F layer have been investigated by WHITEHEAD (1956). He 
showed, by comparing the variations of amplitude and phase, that they could be 
ascribed to a “focusing” caused by an effective concave reflecting mirror passing 
overhead in the ionosphere. 

It is the purpose of this paper to examine similar “bursts” of amplitude 
observed by day in the wave reflected vertically from the Z layerand torelate them to 
focusing effects in that layer. It will be shown that the more rapid fading which 
is observed during a “‘burst’’ could itself be caused by the focusing process which 
produced the “burst.” 

Observations made at night on the amplitude and phase of waves of frequency 
200 ke/s are used to show that similar focusing phenomena occur. 

SCHRAGG (1955) appears to be the only worker who has so far observed the 
effects of focusing on waves reflected from the F layer. He used a frequency of 
150 ke/s reflected vertically, at night, and based his conclusions on observations 


of the strength of higher-order echoes. 


2. HiGH FREQUENCIES (2 Mc/s) Day-TIME RESULTS 


2.1. The observations 

In this section, the following results will be analysed: (a) Observations of 
amplitude and variations of phase-path of radio waves reflected from the F layer, 
made by Dr. FixpLAy on a frequency of 2-4 Mc/s for most of the years 1948 
and 1949; (b) measurements of phase path made by Dr. Finp.ay on a frequency 
of 2:0 Mc/s from April to December 1949; (c) observations of amplitude and 
variations of phase-path made by the author on a frequency of 2-05 Mc/s during 
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March and April 1956. The method used to observe variations of phase-path has 
been described by Frnpiay (1951). 

In Fig. 1 are shown typical records of phase-path and amplitude, obtained 
during quiet ionospheric conditions. A positive slope of the interference fringes in 
the phase-path record corresponds to increasing phase-path, and an increase of one 
fringe is equal to an increase of phase-path of 1 wavelength. Fig. 1 shows a close 
association between the observed variations of amplitude and phase-path, which 
is typical of most of the observations made during quiet conditions. 


2.2. Amplitude and phase during bursts 
WHITEHEAD (1956) considered a “curved mirror’ which moved horizontally 
overhead at a mean phase height h with a velocity V, and derived the following 


13April 1956, f=2-O05Mc/s 
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Fig. 2. Observed variations of amplitude A and phase-path P on a frequency of 2-05 Mc/s, 
together with ‘‘straight-line” plot to obtain the drift velocity. 


relation between the amplitude A and the phase-path P of the reflected wave 
h dP 
2 de (1) 
according to which a plot of A* against d*P/dé? should give a straight line, from 
which the drift velocity can be determined. Typical results for a wave reflected from 
the # layer are shown in Fig. 2. If h is put equal to 100 km this gives the magni- 
tude of V equal to 70 + 10 m/s. 

Seventy-one amplitude variations of the burst type have been analysed in this 
way, and reasonably good straight lines have been obtained for most of them. 

In Fig. 3 the distribution of the calculated velocities is shown in a histogram. 
This is similar to histograms of the velocities measured by the method of closely- 
spaced receivers. In a companion paper (JONES, LANDMARK, and SEtTTy, 1957) 
it is shown that measurements made by the two methods simultaneously often give 


the same result. 
The horizontal extent, D, of a burst of amplitude can be deduced from its 


A? 1 
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duration 7' and its drift velocity V. The observed distribution of D is shown in 


the histogram of Fig. 4. 


2.3. The changes of group-path during a “‘burst”’ 

It has been supposed, in Section 2.2, that the “burst” is caused by a focusing 
process. and the fact that the results satisfy equation (1) seems to justify the 
supposition. It is. however, possible that the increase of amplitude, and the 
accompanying increase of phase-path, could be caused by a decrease in the electron 
density in the absorbing region. This alternative explanation can be tested by 
making observations on the changes of group-path during the burst. If the bursts 
were caused by a focusing process involving parallel curvatures of the contours of 
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Fig. 3. Histogram showing the distribution Fig. 4. Histogram showing the distri- 
of the observed drift velocities. bution of the horizontal extent of the 
large-scale irregularities. 








km 


electron density. the changes of group-path and of phase-path would be the same. 
If. however, it were caused by a reduction of the electron density in the absorbing 
region, they would be equal, but opposite in sign. 

A direct measurement of the change in group-path is very difficult, since the 
changes would be of the same order as the changes in phase-path, that is a few 
wavelengths. This difficulty may be overcome by observing the phase-path on two 
adjacent frequencies and using the well-known relation between group-path (P’) 
and phase-path (P), 

| ae eo 
df 

In Fig. 5 the magnitudes (AP,.,) of the changes in phase-path obtained during 
amplitude bursts on 2-4 Mc/s are plotted as functions of the corresponding 
change (A P,..) in phase-path on 2-0 Me/s. The theoretical lines for the con- 
ditions AP’ = AP and AP’ = —AP are drawn and the results are seen to agree 
better with the former. This appears to suggest that the bursts are not caused by 
varying absorption but are produced by large-scale irregularities near the reflection 


level. 


2.4. The rapid fading during a burst 
During a burst it is often found that the fading becomes more rapid, and it is 
interesting to enquire whether this fading could have been caused by the focusing 
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process itself. The primary result of a focusing process is to impose a phase gradient 
across a horizontal wave front as it leaves the ionosphere. Suppose that this phase- 
gradient simulates that which would have been produced by a concave mirror of 
width L and that the phase-deviation produced at the centre is A¢ radians, then 
theory (HEWISH, 1951 and BRAMLEY, 1955) summarized by RATCLIFFE (1956) shows 
that the wave which reaches the ground will have irregularities of amplitude of 
horizontal extent 1, where 


l= L/A¢d (3) 


If the phase were examined on the ground, it would be found to have a large-scale 
structure of extent L, on which were superimposed small-scale amplitude variations 
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Fig. 5. The magnitudes AP of the Fig. 6. Relation between observed rapid 
changes in phase-path on two type of fading and the deep-phase mod- 
adjacent frequencies. ulation. See equation (4) 


of extent 1. Suppose now that both the burst and the rapid amplitude fading occur 
because the above-mentioned wave pattern drifts smoothly past the observer at a 
constant speed. Then the duration (7’) of the large-scale phase variation and the 
period (t) of the small-scale amplitude variations would, from equation (3), be 


related by the expression 


t= T/A¢ (4) 


To test this relation, the quantities 7’ and A¢ were derived from the phase records 
and ¢ from the amplitude records, and were plotted against each other, as in 
Fig. 6. Most of the observations yielded points which fell near the straight line 
which represents equation (4). In these cases it seems reasonable to suppose that 
the rapid fading was caused by the large-scale phase irregularities. 


2.5. The transition to complicated fading 

Previous paragraphs have been concerned with phase-path records which were 
smooth enough to be interpreted simply. Sometimes the slow oscillations of phase 
increase in amplitude and are finally replaced by an irregular phase-trace which 
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is no longer capable of simple interpretation. At the same time, the fading speed 
increases considerably. 

It has been found that, if the change in phase-path caused by a large-scale 
irregularity is represented by AVP. and if its horizontal extent, determined as 
described in Section 2.2, is represented by D, then the quantity AP/D often in- 
creases from one cycle of phase oscillation to the next, and that when this quantity 
reaches a value of about 0-025, the phase record becomes too complicated to 
interpret. Similarly, when the phase record once again becomes simple enough to 
interpret. the quantity AP//) is at first near 0-025 and gradually decreases. This 
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Fig. 7. The effective depth of modulation AP/D for successive phase oscillations which 
occur before or after the trace becomes irregular. 


phenomenon is illustrated in Fig. 7, in which A P/D for successive phase oscillations 
is plotted against the number of phase oscillations which occur before or after the 
trace becomes complicated. These observations suggested that conditions of 
complicated phase are associated with values of AP/D greater than about 0-025. 

After the phase record had become complicated, it was sometimes possible to 
interpret the fluctuations by taking a photograph of the trace on the cathode-ray 
tube which shows the beats between the downcoming wave and a reference oscilla- 
tion.* It was then often found that the observed variations of amplitude and 
phase could be explained in terms of beating between two components. This some- 
times occurred when the variation of amplitude appeared to be fairly random, so 
that observations of the amplitude alone would not have suggested the presence of 
two components. 

An example is shown in Fig. 8, which refers to records obtained a few minutes 
after the transition from simple to complicated conditions shown in Fig. 1. Over 
the period indicated, the record was analysed as follows. The amplitude A and the 
phase ¢ were used to derive a vector which represented the received e.m.f. The 
mean variation of this vector throughout a fading cycle was deduced by super- 
imposing the variations during a succession of individual cycles, measured from one 


* See Fig. 1 of Frnpay (1951). 
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minimum of amplitude to the next. Ifa phase which varied linearly with time was 
subtracted,* so that the phase was the same at the beginning and end of a fading 
cycle, the end of the vector was found to describe a circle. This suggests that the 
vector was the resultant of two components, which were rotating with different 
speeds. 

If the two component waves arose by reflection from tilted portions of the 
ionosphere, the observed variations could be explained in terms of two surfaces 
tilted at 4° and 6° in opposite directions, moving with a horizontal velocity of 
75 m/s, as illustrated in Fig. 9. For a sinusoidal surface with AP/D = 0-025 


—+ V=75. m/sec" 


-—= 





kdl / ¥ Vs F 
Fig. 9. Model deduced from Fig. 8. 
the maximum tilt angle would be about 4°. If this interpretation is correct, the 
value of AP/D must have continued to increase after the transition to complicated 


conditions shown in Fig. 1, until the effective reflecting surface was sufficiently 
curved to provide two points of specular reflection. 


3. Low FREQUENCIES (200 kc/s) NIGHT-TIME RESULTS 

Mr J. S. Betrose of the Cavendish Laboratory has been engaged in making 
records of the phase and amplitude of continuous waves, on a frequency of 200 ke/s, 
received over a distance of 150 km at night. He has kindly made his records 
available to the author. The observations discussed here are limited to the two 
hours preceding ground sunrise and the two hours following ground sunset on ten 
nights. 

Because continuous waves were used, the phase record never become too 
complicated to measure, even when the phase varied rapidly; this behaviour is 
different from that observed with FinpLAy’s pulse method used on the higher 
frequencies. Since it had been found, on the higher frequencies, that changes of 
phase and of amplitude were closely related, provided the quantity AP/D, defined 
in Section 2, was not too large, an attempt was first made to see whether a similar 
association occurred on the lower frequency. On that freq ency, however, the 
ground extent (D) of the phase variation was not known, only its duration (7') was 
recorded. The assumption was therefore made that the wave-pattern moved over 
the ground with a velocity V so that 

AP/D = AP/TV (5) 


* The superimposed linear variation corresponds to a continuous change of the height of reflection 
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Inspection of the records then showed that there was close association between 
phase and amplitude if AP/7 was less than 1-6 m/s, but not if it was greater 
than this. Fig. 10 shows examples of close association and of little association. 
It is of interest to enquire whether the condition AP/D > 0-025 that makes 
the FixpLay phase-trace too complicated to read on 2 Mc/s is the same as that 
which determines when phase and amplitude are unrelated on 200 ke/s. Insertion 
of the values for AP/D and AP/T into — (5) yields a value V = 65 m/s. 
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Fig. 10. Observed variations of amplitude A and phase-path P on a frequency of 200 ke/s 
at steep incidence. 


Since this value agrees well with direct measurements of V we conclude in the two 
that the same factors determine the association of phase and amplitude variations 
cases. 

4. CONCLUSIONS 

When the phase of a wave of frequency 2 Mc/s reflected from the F layer is 
measured, it is found that irregularities of size between 10 and 40 km occur. If 
the phase-path variation in these irregularities is AP, and their extent D, then if 
AP/D < 0-025, approximately, the phase variations are associated with correspond- 
ing amplitude variations in a simple way; but if AP/D > 0-025, approximately, 
this simplicity is no longer apparent. 

A large-scale phase irregularity causes a focusing of the wave which is seen as a 
“burst’’ of amplitude lasting about 5 min. If AP/D < 0-025, the rapid fading 
inside the burst can be shown also to be the result of the focusing effect. If, 
however, AP/D > 0-025, conditions become more complicated. On one such 
occasion the changes of amplitude and phase variations could be interpreted in 
terms of two separate component waves reflected from different parts of the 
ionosphere. 

Observations made at night on a frequency of 200 ke/s at an angle of incidence 
of about 40° also showed an association between the amplitude and phase when 
AP/D < 0-025, but no simple association when AP/D > 0-025. 
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These results are as would be expected if the phase changes were caused by a 
reflecting process which simulated a concave mirror. 
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Movements of ionospheric irregularities observed simultaneously 
by different methods 


I. L. Jones, B. LANDMARK,* and C. S. G. K. SEetty 
Cavendish Laboratory, Cambridge 


(Received 31 January 1957) 


Abstract—It is shown that horizontal movements of large-scale irregularities in the ionosphere can be 
conveniently investigated by recording ‘‘bursts’’ of the amplitude of a reflected radio wave received at 
one point from three transmitters separated by about 15 km. Measurements of the movements of 
large-scale irregularities made by this and other methods were compared with the results of simultaneous 
observations of ordinary’ fading made at three closely-spaced receivers. It was concluded that the 
large-scale irregularities had the same movements as those irregularities which produced the ordinary 
fading. 


1. INTRODUCTION 


MoveMEnts of large-scale distortions in the ionosphere have been studied by 
various workers: in the F region by BEYNON (1948), Munro (1948, 1950), Price 
(1955), and others, and in the # region by LANDMARK (1957). All investigations 
have shown that the large-scale irregularities move with a horizontal drift velocity 
of about 100 m sec”? in a direction showing seasonal and diurnal variations. The 
results are in fair agreement with those found by observing small-scale irregularities 
at closely spaced receivers. 


The purpose of this paper is to make a detailed comparison of the results of 
the two kinds of measurements. The different methods used to observe the 
velocity of drift of the irregularities will be described in Section 2. The results 
from the observations will be presented in Section 3, and discussed in Section 4. 


2. METHODS OF OBSERVATION 


The following four different methods were used to determine the velocity of movement of 
the irregularities in the ionospheric layers: 
(a) Observations with closely spaced receivers (about 1 wavelength apart), 
(b) Recording of group height as a function of time for more widely spaced transmitters 
(about 200 wavelengths apart). 
(c) Recording of amplitude as a function of time for more widely spaced transmitters 
(about 200 wavelengths apart). 
(d) Simultaneous observations of changes of amplitude and of phase path. 
By method (a) the movements of the irregularities which produce the rapid variations of 
amplitude could be determined, while the methods (b) to (d) were used to determine the move- 
ments of the large-scale irregularities in the layers. The different methods are described below. 


(a) Observations uth closely spaced receivers 


In this method a common transmitter was used and the drifts were determined from the 
time-shifts in the amplitude records obtained at three receivers about 1 wavelength apart. The 


* On leave from the Auroral Observatory, Troms6. 
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Fig. 2(a). The Z traces of Fig. 2(a) were recorded simultaneously with the amplitude 
records of Fig. 2(b), from the three transmitters located as shown in Fig. 1. 








Movements of ionospheric irregularities observed simultaneously by different methods 


frequencies used were 2-05 Mc/s for waves reflected from the EF layer, and 4-1 Mc/s for waves 
reflected from the F layer. The method has been in use for some years at Cambridge, and has 
been described by Mitra (1949). 

It was found that, when the large-scale irregularities could be recorded in such a way that 
drift velocities were obtainable by methods (b) to (d), the fading was usually so shallow that 
the time-delays in method (a) could not be obtained by the automatic technique introduced 
by PHiturps (1955). It was then necessary to record the amplitudes of the signals from the 
three receivers and to make deductions from these records. 


(b) Recording of group height as a function of time for more widely spaced transmitters 


In this method the waves from three spaced transmitters were received at a single point 
and the three group heights were recorded together photographically as functions of time. 


Swaffham Prior 


Fig. 1. Location of transmitters. 


The transmitters, at Cambridge, Hinxton, and Swaffham Prior, were located as shown in Fig. 1. 
The common receiver was at Cambridge. A constant frequency of 4-1 Mc/s was used. 

A typical example of observed variations of group height during conditions when a large- 
scale distortion in the F' layer was passing overhead is shown in Fig. 2(a). In this particular 
case the group-height traces were disturbed so as to form a Z of the type described by MuNRO 
(1950). From the time-intervals between the occurrence of the Z in the three traces the direction 
and magnitude of the velocity can be determined.* 


(c) Recording of amplitude as a function of time for more widely spaced transmitters 


When records were made by the method described under (b), it was found that whenever a 
Z occurred in the group-height traces, sudden increases of mean amplitude (‘‘bursts’’) were 
also recorded. Thus Fig. 2(b) shows the amplitude bursts which were recorded at the same 
time as the Z traces shown in Fig. 2(a). From Fig. 2 it can be seen that the time-delays obtained 
from observations of group height and of amplitude are the same. This was always found 
when Z traces and bursts were recorded together. 

In view of the fact that amplitude bursts occur more often than Z traces, the method was 
extended so that the times of occurrence of bursts were recorded and the velocities were deduced 
from them. 





* If the ionospheric disturbance is elongated, the velocity deduced is not necessarily the true velocity, 
and in extreme cases it is only the velocity normal to the line of elongation. 
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(d) Simultaneous observations of changes of amplitude and of phase path 


WuitEHEAD (1956) has shown that if, during a “burst,” the amplitude A and the phase 
path /? of an echo reflected from a height h are measured, then they satisfy the equation: 


h @P 
2 ee 
Mah ca (1) 


Where V is the velocity of drift of the “burst,” WHITEHEAD (1956) applied this method to the 
F layer and LanpMARK (1957) to the E layer. It was used in the present work on frequencies 
of 2-05 Mc/s (F layer) and 4-1 Me/s (F layer). 


3. RESULTS 


In this section, results obtained in the period 1 March to 15 May 1956 will be 
described. 
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Fig. 3. Comparison of results for waves reflected from the E layer on a frequency of 2-05 
Mc/s. V, and V, represent the magnitude of the drift values measured by methods (a) and (d) 
of Section 2. The number of observations in each group is indicated in brackets, and the 
vertical lines indicate the 8.Ds. 


(a) E layer 

A single sender was used, working on a frequency of 2-05 Mc/s, and the waves 
were received at a nearby point after reflection at vertical incidence. Method (d) 
of Section 2 was used to determine the drift velocity of the large-scale irregularities. 
Only the magnitude of the velocity can be determined by this method. We shall 
denote it by V,. Method (a) was used simultaneously to determine the velocity, 
I’, of the small-scale structure. 

In Fig. 3 the observed values of V, are plotted as functions of the simultaneously 
observed values of V,. Each pair of values was deduced from a period of observa- 
tion of about 5 to 10 min. The results are shown as mean values with standard 
deviations, except for five single observations. The agreement between the 
velocities found by the two methods is seen to be quite close except for the five 
single points, which all correspond to large velocities measured by method (a). 
More detailed analysis of many results obtained on other occasions by method (a) 
lead us to think that these large values of V, are spurious, and are the result of 
changes in the amplitude pattern as it moves from one receiver to another.*~ 


* These changes have been described by Briccs, PHILLIPS, and SHINN (1950) in terms of a velocity 
which they called V,. It should not be confused with the velocity called V, in this paper. 
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(b) F layer 

WHITEHEAD (1956) compared four values which he obtained for the drift 
velocity in F region by his method (see Section 2d), with values obtained on the 
same four occasions by the Mirra (1949) method (see Section 2a). He found that 
the magnitudes of the velocities deduced by the two methods were in reasonable 
agreement, but there was no evidence about the directions. 
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Fig. 4. Comparison of results for waves reflected from the F layer on a frequency of 4-1 

Me/s. V,(¢,) and V,(¢,) represent the magnitude and directions of the drift velocities 

measured by methods (a) and (c) of Section 2. V, should not be confused with V, of Briggs, 
PHILLIPS, and SHINN (1950). 


WHITEHEAD’s work has been extended by using all the methods of Section 2 
to investigate the nature of a wave reflected from the F layer on a frequency of 


4:1 Mc/s. The magnitudes V, and directions ¢, of the velocities of the large-scale 
irregularities determined by method (c) are compared in Fig. 4 with the corre- 
sponding magnitudes V, and directions ¢, determined simultaneously by method 
(a) for the small-scale irregularities. Sometimes both “bursts” and “‘Z traces’’ 
were present simultaneously, so that results from both methods (b) and (c) could 
be used; on these occasions the mean values were taken and are plotted as V, 
and ¢,. We see that the direction found by the two methods agrees well. The 
observed magnitudes do not show a very good agreement, but the observed 


correlation is just significant. 
Table 1 








The table shows the number of occasions on which the 
magnitude of | V, — V,|/[4(V. + V.)] and | ¢.—¢, | fell, 
simultaneously, within the ranges listed. 
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Table 1 shows the relation between the observed differences of magnitudes 
Pe: I’) and differences of directions (¢, -- ¢,) of the velocities. The table 
shows that when the directions agree. so do the magnitudes, and when the direc- 
tions are different. so are the magnitudes. 

The main conclusion from these results is that the irregularities which produce 
the rapid fading during the bursts have the same movements as the large-scale 
distortions which produce the bursts. There is of course still the possibility that 
the fading in between the bursts is produced by irregularities whose movements 
are different from those of the large-scale distortions. To find out whether or not 
this was so. the velocity before and after each burst was determined when possible. 
The difficulty here was that between the bursts the fading was often so shallow 


that it was difficult to determine a reliable velocity. 

No significant correlation was found between the velocities observed during 
the bursts. and the mean velocity observed before and after the bursts, nor was 
there any correlation between the values obtained before and after each burst. 


Table 2 





30-60 


30-60 


60 





The table shows the number of occasions on which the magnitude of 
d,| and|¢d, — 4(d, + ¢.)| fell within the ranges listed. 
$1] | 2 2 1 3 £ 


These facts would be explained if values deduced between the bursts were un- 
reliable. If this explanation is correct, it would be expected that, when the values 
found before and after the bursts agreed, the values observed during the bursts 
should also give the same result. This is shown to be the case in Table 2, where 
the observations have been classified into groups according to the differences 
(¢, -- dy) between the observed directions before and after the bursts, and the 
differences |ds — 3(46, + ¢$3)| between the directions during the bursts and the 
mean of the directions before and after the bursts. 

The probability of obtaining the results of Table 2 by pure chance is 0-03, and 
it is concluded that the large-scale irregularities have the same movements as 
those irregularities which produce the rapid type of fading. 


4. Discussion 
Previous workers have deduced the drifts of large-scale disturbances in the 
F layer from h(t) records made with widely spaced receivers or transmitters. 
In the present paper it is shown that observations of the bursts of amplitude 
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observed under the same conditions can be at least as useful. In particular it 
has been found that: 

(a) The result is the same as that obtained from smaller-scale irregularities 
observed at closely spaced receivers. 

(b) Results are obtainable even when the rapid fading is so shallow that 
results cannot be determined from records of the PHILLIPS (1955) type 
made at closely spaced receivers. 

(c) The records obtained are easy to analyse. 

(d) The method of observing amplitude has the great advantage over the 
method of observing group height, that amplitude bursts occur more 
often than distortions in the group-height traces. 

(e) Since bursts of amplitude are often observed in echoes reflected from 
the FE layer, the method can also be used for determining the drift in 
that layer. 

It has been suggested by BRAMLEY (1955) that the fading of waves reflected 
from the F layer during quiet conditions is produced as the wave traverses the 
E layer. Since it has been shown in this paper that the irregularities which cause 
the fading have the same motions as the large-scale distortions in the F layer, 
it appears probable that all the fading must be caused by irregularities which 


occur in the F layer. 
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Low-frequency radio emission from aurorae* 
:. ‘ISmEas 


(Received 3 \larch 1957) 


Abstract— This paper discusses the possibility that Cerenkov radio emission by auroral particles approach- 
ing the earth may contribute to the level of the continuous component of atmospheric radio noise observed 
at frequencies of hundreds of kilocyvcles per second. 

It is shown that, providing the Cerenkov process is valid at radio frequencies, the flux density of the 
radiation may be as high as 10-2! Wom *(c/s)~! at these frequencies, well above the minimum observable 
using current techniques. The frequency range of the emission would extend from a few hundred ke/s to 
low-audio frequencies. 


1. INTRODUCTION 


RECENT observations by REBER and EL Is (1956) of the continuous component of 
atmospheric radio noise at frequencies below 10 Mc/s have shown that a major 
proportion is of cosmic origin when the ionospheric critical frequency fF 2 is less 
than the observing frequency, even as low as 900 ke/s. Lower in frequency still, 
at 520 ke/s, well below f,/2, some continuous noise was observed at night which 
did not have any significant correlation with f,F2. More recent measurements by 
REBER (1956) have confirmed the existence of this low-frequency radiation. Its 
origin, however, is still not understood, and it is the purpose of this paper to 
examine a possible mechanism. 

It is well established that electromagnetic radiation (Cerenkov radiation), at 
optical frequencies, may be emitted by fast charged particles traversing an optical 
medium for which the refractive index is greater than the ratio of the velocity of 
light to the particle velocity, i.e. n > c/v, (ScHiFF, 1950; MaTHer, 1953). That 
Cerenkov radiation may also occur at radio frequencies where the medium is an 
ionized gas has recently been discussed by MARSHALL (1956) with reference to the 
emission of solar radio waves. He pointed out that the refractive index of the 
solar corona can increase to values sufficiently large to satisfy the Cerenkov 
condition in the vicinity of the levels where the wave-frequency f is equal to 
Ne? eH 


\ 3 
-} or the gyrofrequency = ——._, these 
mr ne ‘ y Su 27mc 


either the plasma frequency fy, = | 


frequencies being of the order of tens of megacycles per second. 

There is an interesting application of this idea to the emission of Cerenkov 
radiation in the upper ionosphere by auroral particles approaching the earth. It 
will be shown that, providing the Cerenkov process is valid at radio-frequencies, 
emission may occur throughout a frequency band extending from hundreds of 
kilocycles per second to low audio-frequencies and the intensity may be sufficient 
to make it observable at the ground, using recently described techniques for 
reducing interference by terrestrial atmospherics (REBER and ELLIs, 1956). 


2. Emission REGIONS 


The refractive index of an ionized medium for the extraordinary mode of 
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propagation is given by the expression: 


(2) 


For a particle velocity v <c, equation (2) may be satisfied either when x > | 
or when y ~ 1. There will thus be two regions of emission corresponding to these 
two extremes: x will be greatest at the electron density maximum of the F region, 
while y may approach unity at any level, depending on the wave-frequency and 
the intensity of the geomagnetic field. 
That is, y= | 
eH e 


when f —= fa = Seuss = SGumed 0-31 Ry cos~> y(l a 4 tan? yp)? 


y = geomagnetic latitude 
R, = radial of distance of line of force for y = 0, in units of earth radius. 


These considerations may be illustrated by taking an actual model of the iono- 
sphere. For example, Fig. 2 shows the variation in refractive index for different 
wave-frequencies, along a geomagnetic line of force ending at geomagnetic latitude 
60°, assuming a parabolic F layer with f,F.2 = 5 Mc/s, semi-thickness 100 km, 
and a uniform electron density with f, = 200 ke/s, outside it. 

To proceed further, we need some estimate of the velocity of auroral particles. 
MEINEL (1951) has reported the observation of protons entering the earth’s 
atmosphere from the direction of the magnetic zenith, during an intense aurora, 
with velocities of about 0-01 c. On the other hand, calculations by VEGARD (1937) 
have shown that electrons would need a velocity of about 0-3 c in order to penetrate 
the atmosphere to a height of about 90 km. For particle velocities of 0-01, 0-1, 
and 0:3 c, Fig. 2 shows those regions in which Cerenkov emission may be expected 
at different frequencies. 
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3. THE INTENSITY OF THE EMISSION 
The theory of Cerenkov radiation shows that the number of photons emitted 
per charged particle per unit pathlength per unit frequency interval is given by 
dl = Ane? 
df he? 


h = Planck’s constant 


fp =vfe 








Refractive index 























TO +5 
Distance along line of force 
Fig. 2 
This may be expressed in units of watts per square metre per cycle per second, 
per unit pathlength (MARSHALL, 1956). 
a ) hfvN x 104 


yr, emnpaites 
he? 1 10? 


a Aone : 
Assuming 1 — 2 :] ~ 1, we have for the total emission in a column of length 
n> 


] metres. 
vNI 
S=3 x 10-* — W m-?(c/s)"? 

v in em/sec, 

V in particles/c.c., 

/ in metres, 

2 = wavelength in metres. 

The length of the column / may be obtained from Fig. 2 for different particle 
velocities. The final quantity needed, the particle density N, is a matter for 
conjecture. BENNETT (1954) has estimated that about 10-* protons per cubic 
centimetre, with a speed of 101° cm/sec, might be sufficient to produce the visible 
light of an average aurora. With these and nearby values of N and v we obtain 
the Cerenkov radiation intensities shown in Table 1. 
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Table 1. Calculated flux densities of Cerenkov radiation, in emitting region 





Thickness of emitting region Flux density 
W mm? (e/s)-? x 10-25 


Particle speed : 0-01 ¢ 0-3 ¢ O-le 0-01 ¢ 


Particle density 5 ae: a x 1005 10-3 





Wave frequency km km 
500 ke/s 230 0-08 11000 350 





100 ke/s 1800 Z 6 17000 2300 





25 ke/s 12000 


4500 i 7000 3100 





5) 23000 14000 — 11000 12500 


26000 2000 40 2500 190 








4. DIscUSSION 


To be observable, the radiation must reach the ground. If it is generated in a 
region in which x > 1, then it must pass through the coupling level « = 1 on the 
way down. 

For extraordinary waves from a region x > 1, y > 1, n > 1, this level is only 
transparent if the propagation is quasi-longitudinal (Mirra, 1948). 

\4 


aa } 
i.e. if 6 < cos"! [== 1) 
Arf? 


= 
2af iy 


§ = propagation angle, 


vy = collision frequency. 


Fortunately, at wave-frequencies of hundreds of kilocycles per second, x = | 
will occur normally below the # region, where the collision frequency is sufficiently 
high to prevent the restriction in the allowable values of # from being serious. If 
we assume 2 = | at 80 km, we have »y = 5 X 108/sec (NICOLET, 1953). With f,, = 
1-5 Me/s, 6 < 41° for QL propagation. 

At the lowest frequencies it is well known from whistler observations that 
X-mode quasi-longitudinal penetration of the lower ionosphere is commonplace. 

In the example considered here, Fig. 1 shows that the large refractive indices 
near y = | will, for wave-frequencies between 200 ke/s and 1150 ke/s, occur in a 
region where x < 1 above the F region. Since x > 1 at N,,,,(/2), radiation in 
this frequency range would have to penetrate two x = | levels, one below and one 
above the electron density maximum. In the latter case, the collision frequency 
would be low (~10?/sec) and the allowable range of the propagation angle @ for 
quasi-longitudinal propagation would be very small: 6 < 0-3° if f,, = 1 Me/s. As 
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a result, the flux density would be greatly reduced below the ionosphere at fre- 
quencies greater than 200 ke/s for the model chosen. 

A further limitation in the observability of Cerenkov radiation is the increase 
in )-region ionization and absorption during strong aurora. At frequencies above 
1 Mc/s this has the effect of producing an auroral blackout with cessation of iono- 
spheric echoes. However, there is little information about D-region absorption at 
much lower frequencies, and whistler activity at few ke/s does not appear to show 
any significant correlation with geomagnetic disturbances (STOREY, 1953). 

Although the intensities calculated for the lower frequencies (Table 1) would be 
less than the minimum observable using conventional inefficient antennae, the 
focusing effect thought to occur with whistler propagation (SToREY, 1953) might 
substantially increase the probability of observation. It is worth noting that 
continuous radio noise at audio-frequencies has been observed by a number of 
investigators during’ whistler observations. 

At frequencies of hundreds of ke/sec the calculated intensities are well above 
the minimum observable with known techniques. 

During their measurements at 520 ke/s, ReBER and ELiis (1956) observed 
continuous radio noise with flux densities of up to 10-22 W m~-? (c/s)-!. This was 
about 100 times greater than the minimum observable at night, using their tech- 
nique for reducing interference from atmospherics. 

If this radiation is of Cerenkov origin, then it would be expected to show a 
strong correlation with auroral activity. 

Further, it would be most intense in the auroral zone, where it would appear 
to come from an area of the sky surrounding the magnetic zenith. 

If along a flux line of the geomagnetic field fy became less than f,,, then the 
spectrum of the radiation could have a sharp cut-off on the high-frequency end at 
the least frequency for which fy = fj. 

If the auroral particles arrive in individual bursts, then one might expect that 
the frequency of emission would increase with time as the particles penetrated to 
regions of greater geomagnetic field intensity and therefore gyrofrequency. 

In the example discussed above, for a particle speed of 0-01 ¢ there would be a 
delay of slightly less than 1 sec between the time of appearance of a burst of noise 
at 100 ke/s and at 200 ke/s. 
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Abstract—This paper deals with the analysis of fading records from four spaced receivers of pulsed 
radio waves reflected at vertical incidence from the ionosphere, with a view to finding out the shape of 
lines of maxima and evolve a better method of calculating wind data. The usual three-station method 
of measurement of ionospheric winds using average displacements is found to give inaccurate results. 
It is shown that the method of calculating wind data using median values of displacements gives reliable 
results. A new and improved method of analysing wind records for evaluation of true velocities and 
direction is also presented. 


1. INTRODUCTION 


Ir is well known that the time-delays between any two fading records in the spaced- 
receiver method for investigating movements in the ionosphere are widely variable. 
In the usual method of analysis of these fading records, the average effect of the 
moving diffraction pattern on the ground is considered equivalent to a straight 
line of maximum amplitudes moving in a direction normal to it. Calculations 
based on the average of the time-delays thus yield only the normal component 
of the drift which is at right angles to the line of maxima. In a recent communica- 
tion, RATCLIFFE (1954) has shown that the variation of the time-delays observed 
in this method need not necessarily be taken as evidence of changing. velocity 
or direction of the wind and that these variations could be produced by the random 
variation of the orientation of the line of maxima with respect to the direction 
of motion, even if the wind is constant. For the simple case of a straight line of 
maxima, expressions have been obtained for the probability distribution of the 
time-delays, and out of the two records analysed, only one of them is found to 
agree fairly well with the theoretical curve. Very recently, BARBER (1956) has 
attempted a correlation method of interpretation of fading records, assuming 
first elliptical contours for the cross-correlograms, and later a drifting pattern 
without change of form, but it is found that the latter form is satisfied by only 
one of the two records analysed. 

An entirely new approach to this problem is attempted in this investigation 
by taking fading records from four spaced receivers and analysing the time-delays 
observed in these records. A new and improved method of obtaining ionospheric 
wind velocities and directions by this four-station method is also outlined. 


2. EXPERIMENTAL DETAILS 


For this investigation, the three-station method developed at Cambridge (Mirra, 1949; 
PuiItuips, 1952) has been extended into a four-station method by introducing a fourth aerial 
A,, as shown in Fig. 1, in a line with A,,A, such that A, is at the centre point of A, and A,. 
The two sets of aerials, A,,A4,,A, and A,,A,4,A3, occupy the corners of adjacent and identical 
right-angled triangles whose sides are of length 108 m each. The usual three-station recording 
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equipment in use here is modified in this investigation by converting the triple-beam oscillo- 
graph so as to give four time-base traces using an electronic switch to split one of the beams 
into two. A good number of four station fading records were obtained with this equipment 
by photographing simultaneously the echo due to the single-hop reflection from the E region 
received at the four spaced receiving aerials. As an example, the detailed analysis of a typical 








Fig. 1. Diagram showing the location of the four aerials and indicating 
the wind parameters along with a typical straight line of maxima. 


record taken at 1625 IST on 27 November 1955, part of which is reproduced in Fig. 2, is treated 
in the following sections. The displacements a@,9, 4,3, and a,,, measured under a microfilm 
reader, of the corresponding peaks in the fading patterns of A, Ag, and A, respectively, are 
measured with respect to the aerial A,, the time being taken to be positive if it is earlier and 
negative if it is a later occurrence in these patterns. The corresponding time displacements 
and wind data by the three-station method are calculated in the usual manner as described 
in an earlier paper (Rao, Rao, and Murty, 1956). 


3. NATURE OF LINES OF MAXIMA OF THE DIFFRACTION PATTERN 


The fourth aerial is introduced in this investigation to test experimentally 
the validity of the assumption made by almost all the previous investigators 
that the line of maxima is straight. If this assumption is right, it is to be expected 
that the displacements a,, and a,, would be equal and opposite as aerials Ag, 
A,, and A, are situated at equal distances along a straight line. Analysis of the 
records taken during the months of July and November 1955 showed that, in 
general the displacements a,, and a,, are nearly equal and opposite for about 
half the readings in each record. For these sets of readings, the lines of maxima 
may therefore be regarded as being either nearly straight or slightly curved. 
The remaining half of the readings for which a,, and a,, are quite different and 
sometimes of the same sign cannot be explained on this basis unless we assume 
that the angle between the straight line of maxima and the direction of motion 
is continuously changing as it moves from one extreme aerial to the other. As 
there is no experimental evidence to show such rapid changes of the orientation 
of the line of maxima in such a short distance, we will make the plausible assump- 
tion that each particular line of maxima maintains its shape throughout its traverse 
of the four spaced aerials. It is now easy to show that most of the remaining 
half of the readings correspond to the movement of curved lines of maxima. 
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We shall now take up some specific readings given in Table 1 of the record 
reproduced in Fig. 2, and illustrate the method of drawing the lines of maxima 
from the displacements, assuming them to be moving in a fixed direction with 
a constant velocity. 

Table 1 





Vg 


























Table 1 shows the values of the velocities v, and v, and directions ¢, and ¢, 
calculated individually for each set of displacements for the two adjacent 
triangles by the usual three-station formulae. We shall take the mean values »,, 
and ¢,, to represent very nearly the velocity and direction of ionospheric wind 
and assume that the diffraction pattern on the ground moves with velocity 2v, 
in the same direction. Parallel lines drawn through all the spaced points along 
the wind direction will cut the lines of maxima at specific points whose distances 
from the three outer aerials at the instant when the line touches A, can be calculated 
from the time-delays and known velocity of drift of line of maxima for each set 
of readings. By measuring off these distances from A,, A;, and A, along these 
lines, taking the sign into account, these points are located, and by joining them 
by a smooth curve so as to pass through A,, we get the approximate shape of the 
line of maxima for each set. 

We shall now take specific sets of readings to illustrate the various types of 
lines of maxima. For the sake of convenience, we shall classify all the different lines 
of maxima, observed in the normal records taken during winter months, into 
four types based on the sign of the displacements. Observations in which the line 
touches A, and A, earlier and A, later than A, are classified under Type 1. In 
fact these types of observations correspond to the principal direction of motion 
for the winter months, and more than three-fourths of the observations in this 
record come under this class. The first three observations in Table 1 belong to 
this category. The continuous straight line in Fig. 3(a) is the line of maxima for 
the first observation. For the second observation the points A, A,, B, and C 
on the line of maxima are obtained by taking the mean. direction of 225° E of N, 
and B do not fit in a smooth curve. Actually, if all these four points are joined 
there will be a sharp rectangular bend at B, which is quite unlikely. To avoid 
this difficulty, other angles in the range of 207° to 236° are tried, and it is found 
that a smooth curve is obtained for an angle of 236° E of N, as shown by the dashed 
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line in Fig. 3(a). Observations in which the line of maxima touches all the outer 
aerials earlier than A, are classified under Type 2. About one-fourth of the total 
number of observations in this single record come under this category. It is easy 
to show that the lines of maxima of this type are invariably curved and concave 


A3 














7 


< 
> 


Fig. 3(a), (b), and (c). Diagrams showing typical lines of maxima for all the four types. 


towards the direction of motion. One typical line of this type representing the 
fourth observation in the table is shown by the continuous line of Fig. 3(b). All 
those observations in which the lines of maxima touch Ag earlier, and A, and A, 
later, are classified under Type 3. This type of observation is very rare, being 
one in thirty of the total number of observations. A typical line representing 
the sixth reading in Table 1 is shown by the dotted line in Fig. 3(b). For this 
case also a smooth curve could be drawn by adjusting the direction of motion to 
be about 141° E of N, which is far from the mean value. A characteristic of this 
type is the convex shape of the line in the direction of motion. It is felt in general 
that whenever there is a large difference between ¢, and ¢,, no smooth line of 
maxima can be drawn around the mean direction of motion. Type 4 observations 
are those in which the line of maxima touches A, earlier and A;, and A, later than 
A,, and are as infrequent as Type 3. For the seventh observation in Table 1, 
points X, Y, A,, and Z on the line of maxima shown in Fig. 3(c) are obtained 
using the mean direction 304 and mean velocity of 68 m/s, but these points do 
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not fall on a single smooth curve. As there is no improvement by changing the 
direction, different values of velocity are tried and a best-fit curve is obtained 
for a velocity of 100 m/s. This illustrates a type of line of maxima where the 
velocity of motion may be higher than the individual values calculated for each 
triangle. 

From a study of the lines of maxima for about fifty observations in this record, 
it is observed that the lines of least curvature are more numerous, being about 
50% of the total. The rest are highly curved lines and correspond to abnormally 
large deviation of these displacements from the usual median values. An interesting 
feature observed for all these readings in this record as well as other records 
which are analysed is the gradual nature of the variation of the curvature of the 
lines of maxima in consecutive observations. Sometimes a line of high curvature 
may appear suddenly due to some sudden change in ionospheric irregularities or 
occurrence of small sporadic F clouds, but it is always followed by lines of 
gradually decreasing curvature indicating a kind of continuity in the nature of 
the diffraction pattern. 


4. MetTHop oF ANALYSIS OF FADING RECORDS USING 
MEDIAN VALUES OF TIME-DELAYS 


In the usual three station method, the displacements a,. and a,, do not enable 
us to have any idea of the shape of the lines of maxima, and as such for simplicity, 
RATCLIFFE has assumed all these as due to straight lines of maxima whose 
orientation with respect to the direction of motion is continuously changing in 
order to account for the variability of these time-delays. Assuming all values of 
YY to be equally probable, he has shown that the average time displacements give 
the true velocity and direction of motion of the diffraction pattern on the ground. 
We have already shown in the previous section that the assumption of the lines 
of maxima which are straight is untenable, as a,, and a,, are not equal and 
opposite for all observations. It can now be shown that the method of averages 
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does not give the true wind velocity or direction, for, if this is true, the wind data 
obtained from the average time displacements for the two adjacent triangles 
should be same. Table 2 gives the average values of a,, and a4, which are in 
general unequal and sometimes differ widely. This gives rise to two different 
values for v and ¢ for the two adjacent aerial sites which are so close, and the 
general wind movement should be substantially the same at such close distances, 
and hence it is concluded that the method of averages gives incorrect values of 
wind data. 

This discrepancy is at once removed by following the modified method of 
calculating wind data from the median values of time displacements employed 
in this laboratory, as the median values of a,, and a,, considered separately 
from the observations for the two sets of aerials are nearly equal. In this 
method the median values are obtained by eliminating all those observations 
which are widely deviating from the most probable values and taking the average 
of the rest. 

The relative differences between displacements a,. and a,, can now be usefully 
utilized in evolving a more exact method of evaluating the median values of 
the time displacements and hence the wind velocities and directions. All the 
observations classified under the last three types and some even among the Type 
| readings, which correspond to highly curved lines of maxima, are first eliminated 
by judging from the differences between a,, and a,,. Median values are then 
obtained by averaging the rest of the observations, and it is found that these 
median values of a,, and a,, are in good agreement, as can be easily seen from 
the values shown in Table 2. This signifies that the average of these readings 
corresponds to a straight line of maxima, implying thereby that lines of either 
curvature are equally probable. The values of v and ¢ obtained by this method 
are found to be more consistent and accurate. 

It is interesting to note that the median values give consistent values even 
when two readings are available, as, for instance, when the length of the useful 
portion of the record is very small. It can be also said, in a general way, from a 
study of the data in Table 2, that the more the number of readings, the less the 
difference between the true averages of a,. and a,,. In two records taken on 
23 July and 24 November 1955, both the median and the average values do not 
agree. It is likely that, in this record, one type of curvature (concave or convex) 
of the lines of maxima predominates, giving rise to a curved line of maxima in 
taking the average. Another interesting feature which can be noticed from Table 
2 is the fact that the true averages are in general lower than the median values. 
In some cases the disparity is very large. Hence the velocities calculated from 
the median values are in general lower than those calculated from the average 
values. 


5. A New AND ImpROVED METHOD oF EVALUATING WIND DaTa 


With a view to evolving an accurate method of determining wind movements, 
using the additional fading record from the fourth aerial, values of v,,v, and 
do,¢, are calculated for all the fifty readings of the record under consideration, 
and histograms are drawn showing the variation of the number of observations 
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versus the differences v, and v, and ¢, and ¢,. It will be seen from these histo- 
grams shown in Figs. 4(a) and (b) that the number of observations falls off rapidly 
as Ve ~ UV, Or d, ~ gy increases. It will be noticed that for nearly half the observa- 
tions the wind directions for the two sets of aerials are agreeing within 10°, while 
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Fig. 4(a) and (b). Histograms showing variation of the number of observations 
versus v, ~ v, and ¢, ~ dy respectively. 


for nearly three-fourths of the observations the velocity differences are less than 
10 m/s. Among these observations there is a sufficient number of common 
readings for which both velocity and angle differences are less than 10 m/s and 
10° respectively. These observations reproduced in Table 3 correspond to lines 
of maxima which are either straight or slightly curved, while the remaining 
ones are due to more curved lines. The mean values v, and ¢, of the wind 
velocities and directions calculated for the two sets of triangles for each observa- 
tion are given in Table 3. 

The average values of these normal components of the wind velocity and wind 
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direction are shown in Table 4 along with the values obtained by other methods. 
Comparison of these values with results obtained by using median and average 
displacements, reveals the interesting fact that the wind direction agrees better 
with the values obtained from median displacements. 

A more accurate method of determining true wind data is evolved by finding 
out if some of the observations in Table 3 can be explained on the basis of Rat- 
CLIFFE’S assumption of the variation of Y, which is the angle between the lines of 
maxima PQ and the wind direction, as shown in Fig. 1. For instance, observations 
3, 4, 5, 9, and 11 correspond to straight lines of maxima which give different normal 
components of wind data. If these observations are due to wind moving with a 
constant velocity v in a fixed direction ¢, it can be easily shown that 


v, =vsin ¥ (1) 
1 — cot ¢ cot ¥ (2) 
1 + tan ¢ cot ¥ 





and tan ¢, = tand¢. 


The highest value of v, among the observed values is therefore likely to be more 
nearer the true velocity v. Assuming the fifth observation to give the true velocity 
and direction, the values for the observations 3, 4 and 9 are found to satisfy the 
relations (1) and (2) for values of ‘’ shown against the true wind velocities given in 
Table 3. Observation number 11 did not satisfy these relations. Assuming that the 
wind direction for this observation is the same as above, the velocity has been 
calculated and is found to be different. This may be due to errors in the measure- 
ment of displacements or may be due to genuine change of velocity. 

An attempt is now made to fit the remaining observations in Table 3 having 
slight curvature on the same basis by assuming the wind direction to be 225° E of 
N and adjusting the velocity such that each observation gives rise to a line of 
maxima of least curvature. The values of velocities v thus obtained are shown in 
the last column in Table 3. It can be seen that the variation in the individual values 
of the estimated true velocities in most cases is limited to a narrow range of 80 to 
88 m/s, and can be explained as due to inaccuracies in the measurement of displace- 
ments. As the maxima in the fading records are sometimes not quite sharp, it is 
not possible to estimate the displacements to an accuracy of more than a millimetre. 
An inaccuracy of +1 mm in the measurement of displacements leads to a wide 
variation of nearly +8 m/s in the true velocities. As for most of the observations 
the velocity is 80 or 88 m/s, either of these or preferably the mean value 84 m/s can 
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be taken to be the true velocity. The final values of the true velocity and direction 
are given in Table 4, along with the values obtained by other methods for the 
purpose of comparison. The remaining few observations having very low velocities 
may be due to genuine velocity changes. 


6. Discussion 


The use of four spaced receiver fading records has established the important fact 
that the lines of maxima are not necessarily straight, as has been hitherto assumed 
by almost all the investigators. For the case of separation of aerials of the order of 
one wavelength, as used in this investigation, it has also been shown that nearly 
half the observations correspond to straight or slightly curved lines of maxima, 
so that the average of these displacements known as median values corresponds to a 
straight line of maxima and gives fairly accurate wind data. The remaining 
highly curved lines are ignored for the purpose of wind calculations. It is possible 
that for smaller aerial separation the lines are less curved and the number of 
observations corresponding to lines of maxima of smaller curvature are more 
numerous. The occurrence of a large number of highly curved lines of maxima for 
such a small aerial separation may be due to the ionosphere near the low latitudes 
being more irregular and disturbed. For instance, from systematic study of the 
dependence of fading period on wind velocity at this place, we arrived at the 
empirical relation 


vT = 1-86A (3) 


and, following PawskEy (1935), if we assume D as the maximum distance of aerial 
separation for which the signal variations are sensibly the same, the period of 
fading is given by 2D/v. From these two relations, D is found to be nearly 0-9 4 for 
this place as against 244 obtained by Pawsey for the high latitudes. Since D is 
small for this place, it appears that the dissimilarities between the records are more 
pronounced for this latitude, simulating the appearance of a highly curved line of 
maxima. These highly curved lines of maxima may be either genuine or might have 
come about as a consequence of the change in the diffraction pattern as it moves 
from one end of the aerial system to the other. The assumption of a constant 
diffraction pattern over such distances is not likely to be valid for all observations. 
As such, if the line of maxima undergoes a change of shape as it moves across the 
four spaced receivers it will simulate the action of a highly curved line of maxima 
moving unchanged. 

It can be easily seen from relation (1) that, if ‘Y can take all values equally 
randomly as RaTcLiFFE assumed, the value of v, should vary from 0 to v. The 
limited range of variation of v, values given in Table 3 shows that this assumption 
is not valid. Considering those observations for which the line of maxima are 
either straight or slightly curved, it can be shown that ¥ varies over a limited range 
equally on either side of the normal position. Using expressions (1) and (2) given by 
RaTcuiFFE in his paper, it can be shown that the average of time displacements for 
these observations leads to equations (3) and (4) in his paper, even though ¥F lies 
in a limited range, provided the values on either side of 7/2 are equally probable. 
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Obviously, this is the main reason why the median value of time displacements 
gives values which are quite close to the true values. 

Some of the observations, particularly those which are due to the straight lines 
of maxima, fitted well into the expressions given by RaTcLiFFE, and support the 
idea that lines of maxima have different orientations with respect to the direction of 
motion. In fact, it is possible to evaluate wind data which are very near the true 
values from the very few observations corresponding to straight lines of maxima. 
Though the analysis of all the observations in Table 3 has shown that the wind has, 
in general, a constant velocity and direction, there are cases when it takes different 
values for a short duration. There is actually no need to presume that the wind at 
the ionospheric levels is constant. 

Comparison of wind data obtained by all the four methods shown in Table 4 
reveals the interesting fact that the usual method of calculation by using average 
displacements invariably gives higher values of velocity and a different value of 
direction as compared to the data obtained by more exact methods. BARBER has 
also noticed that this method overestimates the wind velocities. In view of the 
large discrepancies at two adjacent sites, this method does not yield reliable 
wind data. The method of taking the average of the individual calculated values of 
v, for observations shown in Table 3, corresponding to straight or slightly curved 
lines of maxima, gives nearly the normal component of velocity, which is always 
lower than the true velocity v, as can be seen from the relation (1). The wind 
velocities obtained by this method are invariably lower than the more exact 
values determined by the last two methods. The method of using median 
values for calculating wind data has the decided advantage that it is simple, 


rapid, and fairly accurate. Though the improved method based on the variation of 
orientation of the lines of maxima gives more exact data, it is rather laborious. In 
view of the fact that the results obtained by both these methods are quite in good 
agreement with each other, as seen in Table 4, the median method is to be preferred 
for general analysis of wind records. 


7. CONCLUSIONS 


The use of a fourth aerial for obtaining an additional fading pattern in the usual 
three-station method enabled us to show that the assumption of the lines of 
maxima which are straight is untenable, as more than half of the readings for any 
record correspond to lines which are either straight or slightly curved. It has been 
possible for the first time to delineate roughly the shape of the lines of maxima of a 
diffraction pattern. 

It is shown that the usual method of analysis of wind records by taking average 
displacements does not yield reliable wind data, as different values are obtained 
for two adjacent sites. A better method of evaluating winds, by using median-time 
displacements with the help of the fourth aerial fading record, is evolved. This 
method is simple, rapid, and fairly accurate. It is shown that the usual method of 
wind calculations by taking average displacements overestimates the wind 
velocities by a significant fraction. 

Another useful and accurate method of evaluating true wind data is also 
presented. This method is based on the assumption that the observed variation of 
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v, and @¢, is due to varying angles of tilt of the line of maxima with respect to the 
direction of motion, which is assumed to be fixed. The wind data determined by 
this method are found to be in good agreement with the values obtained by the 
method of using median displacements. This method also supports RATCLIFFE’S 
assumption of varying angle of tilt ‘Y over a limited range. 
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A spectrophotometric investigation of the air afterglow 


D. T. STEWART 
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Abstract—The spectral energy distributions of the yellow-green afterglow produced by a discharge in air, 
and of # similar continuum produced by mixing nitric oxide and atomic oxygen, have been measured. 
They were found to be identical, and have a short wavelength limit at 3700 A, providing further evidence 
that the continuum in both cases can be attributed to the nitrogen dioxide molecule. 


QUANTITATIVE data appear to be lacking for the intensity distribution in the 
yellow-green glow emitted when nitric oxide and atomic oxygen combine to form 
nitrogen dioxide. It is particularly important for the theory of the process involved 
(Gaypon, 1944) to find how closely the short wavelength limit of its continuum is 
to 3700 A, which is the long wavelength limit for the photo-dissociation of NOg, viz. 


NO, + hv (<3700 A) = NO+ 0 


The present note describes briefly the determination of the energy distribution, 
when the continuum was produced from two sources. The first was the afterglow 
of a discharge through commercial oxygen, which contains a trace of nitrogen, 
and the second the glow produced by mixing NO with O produced from a discharge 
through pure oxygen. 

In both cases the oxygen was activated in a Wood-type discharge tube and 
streamed through an observation tube, 100 cm long and 5 cm diameter, with a 
quartz window at the gas-inlet end. A d.c. discharge was used at approximately 
1000 V and 200 mA, with pressures in the range 0-2-1-(0 mm Hg. Alternating and 
Tesla discharges were found to give stray discharges in the observation tube, which 
were absent with d.c. excitation. 

When commercial oxygen was used, the whole of the observation tube was filled 
with a bright afterglow. When it was replaced by oxygen prepared by electrolysis 
of water, the gas being freed from hydrogen by passing it over platinized asbestos 
at 300°C and from water by drying with phosphorous pentoxide and traps cooled 
with liquid oxygen, only a very faint afterglow could be seen. In the latter case the 
introduction of pure NO, prepared and purified in the usual manner (FARKAS and 
MELVILLE, 1939), through a capillary jet, care being taken to prevent any back 
diffusion of NO into the discharge, again produced a bright yellcw-green glow. 

The spectra of the bright glows were examined with a Hilger f/5 monochromator 
adapted for use as a spectrophotometer by the addition of a photomultiplier and 
calibrated by a standard tungsten filament lamp. The relative spectral energy 
distributions of the glows are shown in the figure, with the measurements in each 
case normalized to a common maximum. It can be seen that the two distributions 
are identical and that there is no obvious banded structure. The continuum has 
a short wavelength iimit between 3700 A and 3800 A and a flat maximum between 
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5400 and 5600 A. It was not followed beyond 6200 A. The identity of the distri- 
butions and the value of the short wavelength limit provide additional support for 
GayDon’s views on the origin of the continuum. 

The afterglow from “pure” oxygen was too faint to be investigated by this 
method. Its spectrum was continuous in the visible region and may be identical 
with the spectrum of the bright afterglow due to the presence of a small residual 
trace of nitrogen. Its main feature was, however, the “atmospheric” band of 
O,,[A’Z,+ — X3Z,-] at 7593 A. The intensity of this band was approximately 
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Fig. 1. Relative spectral energy distribution of yellow-green glow. 


© Air afterglow. 
x Glow produced by mixing nitric oxide with atomic oxygen. 


























doubled when NO was added. The appearance of the band in the pure afterglow 
might be due to a process such as 


0+0+M-+>0,(4’5,+) + M* 


where MM is a third atom or molecule and its enhancement to the process (NICOLET, 


1954). 
NO, + 0 >NO + 0,(A’S,*) 


but more extensive experiments would be required to establish definitely that 


these actually occur. 
It is a pleasure to express my thanks to Professor K. G. Eme.evus for his 


interest in this investigation and for his helpful advice. 
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The red and near-infra-red auroral spectrum* 


A. OMHOLTT 


Yerkes Observatory, University of Chicago, Williams Bay, Wisconsin 
(Received 12 March 1957) 


Abstract—Six auroral spectra covering the wavelength range 5400-8800 A have been subject to 
thorough intensity measurements. The intensity distributions in the First Positive band system and 
the Meinel band systems were measured and related: to theoretical data. The altitude variations 
of these band systems and the strongest oxygen lines and bands were studied, the intensity ratio between 
the red |O 1] lines £6300/64 and the First Positive bands being taken as an indication of relative altitude. 
An auroral feature detected at 7325 A on spectra from high altitudes is tentatively identified as the 
[O IL] multiplet 2/2—~ 22. The intensity distribution and its variation with altitude are briefly discussed. 


1. INTRODUCTION 


THe red and near-infra-red auroral spectrum has previously been studied by 
several authors (ef. MEINEL, 195la, b, 1954; VEGARD and TONSBERG, 1952; 
PETRIE and SMALL, 1953: FAN and SCHULTE, 1954; CHAMBERLAIN, Fan, and 
MEINEL, 1954). and it appears from the published spectra that there are significant 
relative intensity variations with altitude. However, no extensive quantitative 
measurements of relative total (integrated) intensities and intensity variations 
have so far been made. The purpose of this paper is to present the result of 
quantitative measurements of six auroral infra-red spectra obtained at Yerkes 
Observatory (geom. lat. 53°N) during four nights. 


2. OBSERVATIONS 

The spectra were obtained with a small grating spectrograph with a dispersion 
of approximately 350 A/mm in the first order (the same spectrograph as used by 
Fan and ScHuLTe, 1954). The spectrograph pointed north with its slit aligned 
vertically, and an image of the sky was focused upon the slit so that this covered 
the range from 5° to 25° above the northern horizon. Only a smaller part near the 
centre of the slit was covered with a yellow filter, so that a second-order violet and 
ultra-violet spectrum was overlapping the upper and lower part of the first- 
order spectrum, which extended from about 5400 A to near 9000 A. The 
purpose with this arrangement was to obtain simultaneous measurements of the 
N,° First Negative (0-0) band at 3914 A, which, apart from the (0-1) band of N, 
Second Positive band system, was the only visible feature in the second-order 
spectrum. However, since a great number of corrections were necessary, the 
absolute intensity measurements of this N,* band and also its variation with 
altitude were extremely doubtful, so nothing more could be said than that its 
intensity was of the same order of magnitude as the oxygen line 5577 A. 


* The research reported in this paper was supported in part by the Geophysics Research Directorate 
of the Air Force Cambridge Research Center, Air Research and Development Command, under Contract 
AF 19(122)-480. 

+ Fulbright Research Fellow, on leave from the Auroral Observatory, Tromsé6, Norway. 
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The analysed spectra are shown in Fig. 1, and exposure details are given in 
Table 1. On a number of other spectra obtained, the auroral emissions were too 
weak compared with the underlying OH-bands from the nightglow, so that 
reliable intensity measurements were impossible or very difficult. 


Table 1 





Sp. no. Day Time (GT) Auroral forms 


27 Oct. 1956 03-05 Draperies and diffuse aurorae with rays 

27 Oct. 1956 05-10 Diffuse glow 

28 Oct. 1956 0740-1100 Pulsating, diffuse aurora. Some ray-structure 
10 Nov. 1956 0630-0750 Rays and draperies 

11 Nov. 1956 0515-0635 Rays and draperies 

1l Nov. 1956 0635-1000 Rays and draperies, also diffuse glow 





EKastman-Kodak I-N film, hypersensitized with ammonia, was used. Calibration 
spectra from a tungsten standard lamp were secured for each individual sheet of 
film, on the same day as the auroral spectra were taken; this type of film has a fairly 
constant sensitivity for 10-14 days after the hypersensitizing (BERTIER, 1956). 

The intensities given in this paper are all integrated, total intensities. The line 
intensities are perhaps a little uncertain owing to the narrowness of the lines, but 
this should not give rise to errors larger than about 20 per cent in the intensities 
of lines relative to bands, and no significant error in the intensity variations. 
Corrections for the atmospheric transmission as a function of wavelength and 
elevation angle were made, standard transmission tables (ALLEN, 1955) being 
adopted. It may be mentioned that the use of these tables gave extremely peculiar 
results for the 43914-band at elevation angles of 10° or below, for the spectra 
dealt with here as well as for photo-electric measurements made during these same 
auroras. The corrected intensities for 43914 seem far too large at low-elevation 
angle, which may be due to the fact that the atmospheric attenuation of the 
radiation occurs mainly through Rayleigh scattering. The transmission tables 
used are therefore strictly valid for point sources only. However, this scattering 
effect is probably not important for the wavelength range within which intensity 
measurements were made. 


3. RELATIVE INTENSITIES OF THE NITROGEN BANDS 


Although there are variations in the intensity ratio between the First Positive 
bands of N, and the MEINE. bands of N,*, there are apparently no or very small 
variations in the relative intensity within the individual band systems. The 
intensities are given in Table 2, together with theoretical values after NicHOLLS 
(1956). The values given are for the middle sector of spectrum No. 6, which is free of 
the second-order spectrum, but the relative values are consistent with several 
measurements on the other spectra. The sum of the intensities of the (2-0) and 
(4-2) First Positive bands is put equal to 100. The agreement with PETRIE and 
SMALL’S (1953) values is not too bad. 





A. OMHOLT 


Table 2. Relative intensities (RJ) for the red and infra-red nitrogen bands and 
relative population of upper vibrational levels N(v’) 





First Positive bands of N, MEINEL bands of N,+ 





Rel. N(v’) 
aurora 


| Rel. N(v’) 


¢ X RI theor* 





‘19 
1l 





100 
47 
27 





| 











* For equal population of upper levels. After NicHoLus (1956). Cf. the text. 
+ The (3-0) bands of both systems are partly overlapping and may be partly absorbed due to the 
(1-0) Atmospheric absorption band. The intensities are therefore somewhat uncertain and probably 


slightly too low. 
+ The total intensity of the overlapping First Positive (6-4) and MEINEL (5-2) bands is 11, the given 


intensities (7 and 4) being rather uncertain. 


As will be seen from the relative populations of the upper vibrational levels, 
derived from the two sets of intensities, there is excellent agreement between 
measured and theoretical values for the First Positive system. The relative 
populations N(v’) form a fairly smooth curve when plotted against v’. From 
MEINEL’s (1951a) intensities, N(v = 1) is estimated to be 175 on the same scale, .a 
value which fits well with those given here. 

The discrepancy between theoretical and measured values for the MEINEL 
band system seems too large to be accepted as an error in the measurements. The 
theoretical values are, however, not corrected for variations in the electronic 
transition moment R,(r) (cf. NicHOLLs, 1956). The variation of #,(r).is relatively 
small within one sequence, whereas it may be appreciable from one sequence to 
another. It is interesting to note that the results may be brought in harmony if we 
assume that R,?(r) varies with a factor 2-5 (or R,(r) with 1-6) from the sequence 
Av = 3 to Av = 2. This is a large, but not undue, variation compared with other 
band systems*. A slight correction of the theoretical relative intensities within 
one sequence would also be required, so that the relative populations for the 
levels v’ = 2, 3, and 4 will be approximately 1 : 0-4, : 0-25. 

BaGARIAZKY and FEpoRoOvA (1956) have obtained auroral spectra up to 
11,800 A, but failed to find the (0-0) band of the Meret system (11,100 A). 
They suggested that the vibrational numbering of the MErNEL system as accepted 





* The author is indebted to Dr. R. W. NicHo.tts for informative correspondence regarding these 
matters. 
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hitherto is wrong with one unit, so that the band now designated as (1-0) is really 
the (0-0) band. If this were the case, the disagreement between the theoretical 
and the auroral intensities increases with a factor 5 or more. The intensity 
distribution thus favours MEINEL’s vibrational numbering (195la). This numbering 
is also favoured by a Ryderg series of N, found by Wor.ey (1953). 


4. INTENSITY VARIATIONS 


(a) It is readily seen from Fig. 1 that there are pronounced variations in the 
relative intensities with the angle of elevation. Similar variations in infra-red have 
also been noted by Fan and ScHULTE (1954) and by CHAMBERLAIN, Fan, and 
MEINEL (1954), and seem also present in the intensity-altitude curves presented by 
MEINEL (1954). 

The exposure times of the spectra are long, more than 1 hr in each case, and the 
auroral forms move rapidly, so there will be no clear correspondence between 
angle of elevation above the horizon and the relative altitude in the aurora. 
However, the upper part of a spectrum will generally originate from aurora at 
significant higher altitude than the lower part of the same spectrum. It is well 
known that the red [O I] lines at 6300/64 A show a pronounced altitude effect, 
being stronger at higher altitudes, relative to any other known emissions. The 
measurements revealed that the intensity ratio between these oxygen lines and 
the First Positive bands was among the ones which showed the largest and most 
consistent variation with the elevation angle. This intensity ratio was therefore 
chosen as an indicator of average altitude, and all lines and bands were measured 
relative to the First Positive bands. The sum of the intensities of the (2-0) and (4-0) 
bands was put equal to 100, and the relative intensity obtained this way will be 
designated RI (line or band). 

Intensity measurements were made in the upper, medium, and lower (U, M, 
and L) part of each spectrum, except in the upper part of spectrum No. 1, which 
was very weak and also contained fairly strong OH bands from the nightglow. 
The result of these measurements are given in Table 3, and the correlation between 
some of the strongest features is illustrated in Fig. 2, where RI’s are plotted 
against RJ(6300/64) on logarithmic scales. 

(b) Spectrum 2 is omitted from Fig. 2, because it shows a marked difference 
from the other spectra. RI(6300/64) show little or no variation with the elevation 
angle, although the other prominent emissions behave approximately normal. 
This spectrum is of a fairly weak auroral glow on the north sky after a bright 
display, and shows a strong H, line. A similar “enhancement” of the red [O I)- 
lines at the bottom of an aurora with strong H, line has been observed by MEINEL 
(1954). VEGARD (1956) also finds a correlation between the intensities of these 
lines and H, in Troms6 (geom. lat. 67°N), although in that case-it may be an 
accidental coincidence of altitude effects, since at that latitude the hydrogen 
lines appear to be strongest in spectra from the upper part of auroras (VEGARD, 
1955, 1956). Also, the lower part of spectrum 6 show a similar irregularity in 
RI(6300/64), and is omitted from Fig. 2. 

The RI for the OI lines at 7990 A (3%P-3s’3D°) is sometimes disturbed by 
the presence of weak OH bands from the nightglow, notably in spectra 1 and 3. 
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This blending also makes the measured intensity variations less significant, but it 
is highly probable that RJ(7990) varies similarly to RI(O, Atmospheric). 

The NJ lines at 8186 A and 8126 A are very weak, but measurements on spec- 
trum 6 gave R/(8186) = 1-5 and RIJ(8216) = 2-5, values which showed little or 
no variation with altitude. 


RI 
500 
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100 
Fig. 2. RI for the strongest lines and bands against RJ(6300/64). Lines are drawn between 
points from the same spectrum. Spectrum numbers to the right. 
@ N.* MEINEL; (2-0) + (3-1); RI x 4 
A O, Atmospheric (1-1); RI x 5 
V (01) 45577 =O OLAI774.—s +-«; O': 418446 
The absolute value of the RJ for the Atmospheric O, band (1-1) is somewhat 
uncertain because it is partly blended by the short wave part of the (0-2) First 
Positive band. For the same reason also its variation may be slightly attenuated 
for lower RI’s, but it is believed that its behaviour is significantly different from 
that of the oxygen multiplets at 7774 A and 8446 A. 
Some spectra (1 to 3) extended as far in the infra-red as the (0-1) band of the 
O, Atmospheric system (8640 A). This showed an intensity variation somewhat 
different from that of the (1-1) band; the (0-1) band seems more uniform with 
altitude. This may be due to absorption and fluorescence of the (0-0) band in the 
50-km region (CHAMBERLAIN, 1954). The intensity of the (0-1) band is approxi- 
mately twice that of the (1-1) band, in accordance with the intensities given by 


MEINEL (195la)* and estimates by CHAMBERLAIN et al. (1954). 





* MEINEL (195la) did not explicitly give the intensity for the (1-1) band, which was then not dis- 
covered; however, he measured its intensity, attributing it to the First Positive band (2-0). 
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On spectra Nos. 2. 4, and 6 the green auroral line ([O I] 45577) was too 
strongly exposed to be reliably measured, but the points plotted in Fig. 2 from 
spectra Nos, 1, 3. and 5 are probably reliable.* The dip in the left-hand part of the 
curve may be due to collisional deactivation (OMHOLT, 1956). 

As mentioned in Section 2. the results for the V,* First Negative (0-0) band 
(3914 A) were very unreliable. but photo-electric measurements of N,*(3914) and 














Fig. 3. Microphotometer tracings of spectrum No. 1. Angle of elevation above horizon is 

given for each curve. Tracing of a nightglow spectrum (OH) is shown for comparison. 
|O I] 45577 were made up to 60° above the horizon on one occasion during the 
exposure of spectrum 6. In that case auroral rays extended from the horizon nearly 
up to the zenith. Although individual rays could not be followed, one should 
expect that one at higher angles observes light from greater altitudes. The variation 
in the intensity ratio 7(3914)//(5577), when corrected for atmospheric transmission, 
was small, but a slight. approximately linear, increase with elevation angle was 
noted, the intensity ratio being about 20 per cent higher at 60° than at 20° (above 
horizon). 

5. An Aurora Emission at 7325 A 


In the upper part of spectra 1 and 4 there is a weak, but clearly visible, feature 


* These results are also in reasonable agreement with photoelectric measurements on an auroral arc 
made by HARANG (1956) in Tromso. 
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which was measured on both spectra to have the wavelength 7225 + 5 A. It is 
somewhat diffuse, but in particular at spectrum 1 very persistent with elevation 
angle. In the lower part of the spectra it appears only as a slight broadening on the 
short-wave side of the First Positive (5-3) band. Also on the other spectra it was 
noticed that this band sometimes was slightly broadened, in particular in the 
upper part of the spectra. Since there are no changes in intensity on the borderline 
between the upper and middle sections of the spectra (without and with second 
order superimposed) it is evidently an infra-red feature, and it is tempting to 
identify it with the [O II] multiplet 2D-?P (7318-7, 7319-3, 7330-0, and 7330-7 A). 
Microphotometer tracings of spectrum No. | are shown in Fig. 3, taken at heights 
corresponding to elevation angles 15°, 19°, and 22° above the horizon. The feature 
observed at 7325 A is broadened compared with other lines, but not unreasonably so 
compared with the wavelength spacing of the [O II] lines. With slightly higher 
dispersion the multiplet should appear as two lines at 7319-0 and 7330-3 A, the first 
being 1-4 times stronger than the latter if the upper levels are in statistical equili- 
brium (GARSTANG, 1956). As pointed out by CHAMBERLAIN and ROESLER (1954) 
the superposed presence of a faint OH spectrum from the nightglow will seriously 
hamper the identification of the [O II] multiplet, since two of the strongest rota- 
tional lines in the OH(8-3) band, P,(2) and P,(3), have wavelengths 7316 and 7330 A 
respectively. Comparison with the tracing of a night-sky spectrum (exposed 8 hr), 
also shown in Fig. 3, reveal clearly that although these OH lines may give some 
contribution to the discussed feature in the auroral spectrum, they are not suffi- 
ciently intense to explain it. 

Another argument in favour of this identification is the fact that on spectrum 1 
the other oxygen lines are unusually strong. In the middle part of the spectrum 
R1I(6300/64) is 225, and in the upper part these lines are probably much stronger 
(cf. also Fig. 2). The feature at 7325 A is therefore probably noticeable only at 
great heights. In this connection it may be noted that deactivation of the [O IT] 
2P term is energetically possible in collisions with atomic as well as molecular 
oxygen and nitrogen. In the case of collisions with molecules, the A?II state of 
N,* and all known states of O,+ may be excited by charge transfer processes, the 


closest energy resonance occurring in 


O+(?P) + O,(X% X,~) > O(?P) + O,*(6*2,-) (1) 


(0-3 eV excess energy for v’ = v” = 0; cf. HerzBere, 1950). The lifetime of the 
2P term is about 5 sec (GARSTANG, 1956). 

In the upper part of spectrum | the integrated intensity of 17325 is about 10 per 
cent of that of the green [O I] line 5577 A. The variation of RI(7325) with altitude 
is apparently even larger than that of R/(6300/64). An unambiguous identification 
of this auroral feature will, however, require spectra of higher resolution, capable of 
resolving the multiplet into at least two lines on the spectrogram.* For obvious 





* The wavelength 7325 A also coincides with the calcium line 1P,—'D, at 7326-1 A, but this identifi- 
cation would require the 4S,—'P, transition at 4226-7 A to be much stronger than the observed line. 
With the intensities quoted for the upper part of the auroral spectrum one would expect 14226 to have 
nearly the same or even larger intensity than the head of the N,+ 4278 band. Despite the fact that this 
wavelength region has been thoroughly investigated by several workers, no outstanding feature at this 


wavelength appears to have ever been reported. 
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reasons it should be sought for at great altitudes; possibly the upper part of 
auroral rays would be the best source. 


6. Discussion AND CONCLUSION 


(a) When discussing the results reported here. one must bear in mind that most 
of the R/’s measured may depend on the energy of the primary particles and possible 
electric fields at the point considered. rather than on the actual altitude. If we 
consider the aurora to be primarily caused by incident fast electrons and protons, 
auroras with different lower boundaries may be considered as caused by streams of 
particles having different maximum energy. It is therefore not at all surprising 
that there is a considerable scattering in the individual curves for the same emission 
in Fig. 2, whereas the slope is approximately the same. 

(b) The well-known increase with altitude in the intensity of the red [O I] lines 
46300/64 has not yet been convincingly explained. Cross-sections for electron 
excitation evaluated by Seaton show that if the excitation of the [O I] 4S and 1D 
terms arise only from secondary electrons with low energy, the ratio between the 
rates of excitation of the 1) and 4S terms should be at least 6-5 and probably much 
creater (ef. SEATON, 1954). To explain the low intensity of the [O I] 46300/64 lines 
in the main part of the aurora it is necessary to assume that almost all the oxygen 
atoms in the 1/7 term loose their excitation energy by collisional deactivation. 
SEATON (1954) suggested that this may be due to electron deactivation, but the 
electron densities in auroras are probably too small to give the necessary effect 
(OmmoLT, 1955; CHAMBERLAIN, 1956). 

SEATON also pointed out that there is a close energy resonance in the process 


O(1D) + 0,(X 3Z,-) > OP) + O, (b32,+, v = 2). (2) 


The vibrational energy of the O, molecules may be removed in collisions with other 
atoms and molecules, so that the reverse process may not be important. 

If slow electrons excite and O, deactivates the red [O I] lines, the rate of 
excitation of the O,(b!%) state by process (2) alone, in the main part of the aurora, 
would exceed the rate of excitation of O(4S) (the upper term for 45577) by a factor 
of at least 6, and probably much more. On the other hand, the metastable 612 state 
emits the Atmospheric oxygen bands, whose intensity yields the rate of excitation 
of this state, if it is de-excited only by radiation of these bands. Utilizing the 
intensity ratio /(0-1)/Z(1-1) 2 for the Atmospheric bands, the Franeck-Condon 
factors published by NICHOLLS (1956) and intensities derived from Fig. 2, we arrive 
at the semi-empirical result that the rate of excitation of the O,(b1Z) state is only 
about five times larger than the rate of excitation of the O(4S) term, or less than 
that required by the proposed excitation and deactivation mechanisms. By using 
SEATONS lower limit for the excitation ratio of the metastable OI terms and a 
liberal allowance for errors in the intensity ratio, the figures may harmonize, but 
this seems rather unlikely. 

The relative band intensities and the adopted Franck-Condon factors lead to a 
population of the v’ = 0 and 1 levels of the 612 state corresponding to a temperature 
of 550° (CHAMBERLAIN et al., 1954). It should be noted that the actual relative 
transition probabilities are somewhat different from the Franck-Condon factors, 
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owing to the variation in the electronic transition moment R,(r), and that the 
Franck-Condon factor for the (0-1) band is very low (0-06;), and may therefore not 
be very accurate. Although it is not to be expected that the distribution on 
vibrational levels is in thermal equilibrium with the atmosphere, the use of the 
correct, but still unknown, transition probabilities and the observed intensities 
may give relative population corresponding to a slightly lower vibrational tempera- 
ture as well as higher rate of excitation of the 51 state. 

It is possible that the O, molecules in the metastable 61Z,+ state may be 
transferred to the metastable a1A, state by spontaneous, but forbidden, radiation. 
The observable bands from this transition as well as from the transition 
a1A.~—X%x-lie in the far-infra-red, longward of 12,000 A, a region which is not 
well explored, neither in the auroral nor in the night-sky spectrum (cf. CHAMBERLAIN 
and MEINEL, 1954). 

Collisional deactivation of the O, molecules might occur through “atom 
exchange” (BaTEs, 1955), but in this case one would expect a larger increase with 
altitude of the RI for the O, Atmospheric, bands since the rate of deactivation 
necessarily must decrease with altitude. 

It seems thus at present possible, but far from certain, that process (2) may 
account for the deactivation of the O1D term. More detailed computations show 
that a rate coefficient for process (2) of the order 10—-1! to 10}? is required to make 
the process sufficiently effective. 

(c) The relative intensity for the oxygen multiplets 17774 (3s5S—3p°P) and 
48446 (3s3S—3p3P), when excited by inelastic collisions with low-energy electrons, 
has been predicted by PERcIVAL and SEATON (1956), who find [(7774)/I(8446) < 
0-3. On the other hand, they predict the intensity of the green line 45577 (1 D-18) 
to be much more than ten times stronger than that of the 17774 multiplet. These 
intensity ratios are obviously not consistent with auroral intensities, neither with 
those given here nor with those adopted by PERcIvaL and Seaton, and they 
concluded that these oxygen multiplets are excited mainly by dissociation of O,: 

O,+X—->0'+0"+4+X (3) 

The energy required for this process is at least 16 eV, and possibly more, since 
the first stage of the process may be excitation of the O, molecule to a strongly 
repulsive state. It is interesting to note that these multiplets increase in relative 
intensity with altitude at approximately the same or even at a larger rate than do 
the Negative nitrogen bands (excitation potential 18-7 eV). The Meinel bands, 
however (excitation potential 16-7 eV), behave quite differently, decreasing in 
intensity with altitude compared to any other emission. 

If the auroral luminosity is mainly due to impact of particles of high energy 
upon the earth’s atmosphere, secondary electrons will play an important role, not 
only in exciting low-energy levels, but also by secondary ionization and dissociation 
(cf. Bates, McDowELL, and OMHOLT, 1957). The actual energy distribution of the 
secondary electrons is, however, not well known, and the cross-sections for the 
different excitation and ionization mechanisms are to a large extent uncertain. 
A thorough and accurate discussion of the excitation mechanisms in aurorae is 
therefore not yet feasible. 


329 





A. OMHOLT 


A detailed treatment by CHAMBERLAIN (1956) favours strongly the suggestion 
that auroral rays are due to discharge mechanisms. But his computations also 
show that the electron energies are expected to be very low, and that it would 
require a large electric field to produce excitation of the higher levels and ionization 
in agreement with the intensities in the main part of the aurora. Most of the spectra 
dealt with here are of auroras with ray structure, but apart from the behaviour of 
[O I] 26300/64, they show no significant difference from spectrum 2, which is of 
a weak glow and contains strong H,. Since the well-defined rays may give only a 
minor contribution to the total amount of auroral light observed on these occasions, 
we are not permitted to draw any definite conclusions. But attention should be 
directed to the fact that the Negative bands and in particular the oxygen multiplets 
become much stronger with increasing altitude, compared with the [O I] line 45577 
and the First Positive bands, whereas one would expect the light from auroral rays 
to yield a relatively larger contribution to the total intensity at greater elevation 
angles. Certainly, from CHAMBERLAIN’s theory the intensity of lines and bands 
with a high excitation potential should increase relative to 45577 upwards along an 
auroral ray, but with the high conductivity in the ionosphere it seems rather 
difficult to maintain the electric field required to give the observed intensities. 

(d) The Meinel bands may also be excited through the charge-transfer process 


O+(2D or 2P) + N, (X 3Z) > O (8P) + N,+ (A 2M) (4) 


With O+(?P), there is 1-92 eV excess energy which must be absorbed as vibrational 
or kinetic energy. With O+(?D) there is almost exact resonance for v’ = 1. The 
first case, if it is important, would contribute to an altitude distribution of the 
Meinel bands as observed, the latter to emissions from the v’ = 0 and 1 levels only, 
which are not included in the present measurements. The process may be important 
for the deactivation of the O II(?D) term. 
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Abstract—The application of diffraction microscopy to Mitra records is considered. It is shown that its 
application to existing records might result in some slight improvement, probably scarcely justifying the 
effort. If, however, tests should show that the combination would work with aerial spacings of 3-10 A, 
the advantages of the combined method would be substantial. 

An important practital limitation on any type of Mitra method is the complexity of the record 
normally obtained, and it may prove impossible adequately to analyse any but the simplest of them 


by any technique. 
The question of future development is briefly touched on. 


1. INTRODUCTION 


It has been suggested in a preliminary note (RoGcERS, 1956) that the technique of 
diffraction microscopy might be applied to the interpretation of Mitra records 
(Mirra, 1949) of ionospheric movement. The establishment of the method would 
take some time, and before launching a full-scale investigation, it is desirable to 
form an estimate of (a) how far diffraction microscopy can help in developing the 
Mitra technique and (b) how the Mitra technique itself stands in relation to other 
techniques (e.g. following meteor-trail drifts) which have subsequently been 


developed. This paper addresses itself to the first of these questions: the second 
must be left to others more versed in ionospheric matters than the writer. 


2. OUTLINE OF DIFFRACTION MICROSCOPY 


A full theoretical treatment of diffraction microscopy has been given by its 
originator, GABOR (1948, 1949, 1950, 1955), and simplified treatments designed for 
non-physical scientists have been given elsewhere by other authors (RoGERs, 1952a 
and b; Barz, 1952). Basically, the process is a two-stage image-forming process, 
similar to BraGe’s “X-ray microscope,” now called a diffraction spectrometer. In 
the Bragg case, a stage of X-ray diffraction is followed by the reciprocal diffraction 
operation in an optical apparatus using a different wavelength to give an‘“‘image”’ 
of the atomic pattern of the diffracting crystal. Both processes are Fraunhofer 
processes. In the Gabor case, the two reciprocal diffraction processes are both of 
them Fresnel diffractions, and this is more general and introduces a focusing con- 
dition as an additional factor. In either case the two-stage nature of the processes 
allows the first stage to be performed in a non-refractible radiation, the necessary 
focusing being done when the second stage is completed with light. 

The successful application of the Gabor technique pre-supposes:—(a) a highly 
coherent source, of diameter d < 0-16 A/sin a, where « is the half-angle of the cone 
of emergent radiation; (b) a small object in an otherwise open space, so that the 
first diffraction pattern recorded has everywhere a substantially undisturbed or 
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coherent background, upon which the waves scattered by the object are superim- 
posed asa small ripple. In the radio case, the coherent background may be sup- 
plied artificially by a link from the transmitter, and this difficulty is not as acute as 
in optics. 
In the radio case a radio star can be used as a source, in which case no link with 
the transmitter is possible, and a fairly ‘‘open’’ object is required. Alternatively, a 
AR 
/\ 
eS 
/  \ Virtual image 
space 


‘ lonosphere 











e Ground 
Fig. 1. 


transmitter reflected in the ionosphere may be used as a source, but this case is 
dependent on good reflecting conditions in the ionosphere. Only fairly long ex- 
perience will show how far suitable reflecting conditions are likely to be obtained. 


3. THE Rapio SITuATION 

Mitra fading patterns are essentially one-dimensional sections of a Fresnel 
diffraction pattern projected from a virtual image of the transmitter in the iono- 
sphere, through the ionosphere (which acts as “‘object’’) onto the ground, which 
acts as the “‘screen,” or photographic plate. The fact that the ionosphere is often 
equivalent to a plane mirror just behind an exceedingly rough diffusing screen, 
does not alter the fundamental assessment of the situation as a Fresnel diffraction 
pattern, but simply makes it the diffraction pattern of a rough screen. It is not 
impossible, in principle, to ‘‘image”’ this rough screen, subject to the usual resolving- 
power considerations, even though it would require advanced techniques not yet 
fully developed in practice. 

Fig. 1 shows roughly how this Fresnel diffraction operates in terms of a general 
point, O, not necessarily in the plane of the ionosphere. To give some idea of the 
scale of the phenomenon, take 2 = 125 m, reflected in an ionosphere at H = 120 km, 
and a pulse length of 200 waves. The diameter of the “‘cone” of coherently illu- 
minating rays, measured at the ionosphere, is ~80 km, and the diameter of the 
first Fresnel half-period zone within it is 5-4 km. Diffraction effects are therefore 
large, and the traditional ‘“‘ray’”’ approach to ionospheric problems is very ap- 
proximate. 

The diffraction pattern on the ground is even larger. If they originate in a point 
on the ionosphere, the zones will be twice the size of the Fresnel half-period zones 


333 





G. L. Rogers 


mentioned above (RoGERS, 1952a). Considering interference up to order 12 as 
reasonably strong in practice, this means the pattern on the ground will be about 
54 km across. The patterns which must be recorded are thus fairly large, and at a 
ground speed of 300 m/sec will take 3 min to cross the aerial. At lower ground 
speeds the time might easily go up to 20 min. This emphasizes the need for recor- 
ding fairly long runs if good two-stage diffraction is required, though useful results 
may be obtained by only recording up to order 4 or 5, which reduces the times to 
less than half. 

There is, however, a more important consequence of these large-scale diffraction 
patterns: it means that the fading frequencies due to genuine ionospheric dif- 
fraction will be relatively slow. Table 1 gives details of periodic times likely to be 
observed in different parts of the pattern. It will be seen at once,that they are all 
fairly long, and the appearance of frequencies inconsistent with this table was the 
first sign that Mitra records cannot always be interpreted as genuine ionosphere 
effects. It also means that A.V.C circuits must be used with caution. 


Table 1. Sizes and periods of ground patterns due to ionospheric scatterers 





| Periodic times of fading (sec) 


Order of interference i = 
_| Ground velocity of 300 m/s _——-100 m/s 


|  “Tonospheric” velocity of 150 m/s 50 m/s 





Order Nos. | Spacing (km) 





4-48 15-0 44-8 
2-30 7-6 23-0 
1-66 | 5-6 16-6 
1-06 | 3-6 10-6 
Indefinitely large, 0-125 =4 | 0-42 1-25 





4. THE OpTicaL SITUATION 
A photographic plate has to be produced which represents, on a small scale, the 
Fresnel diffraction pattern on the ground as seen from each of the three aerials. 
The scale of this representation is of some importance in practice, and must be 
considered in detail. 
Diffraction microscopy is subject to the invariant: 
frky _ Saks 
L?* L,? 
where L, and L, are corresponding distances in the initial Fresnel diffraction 
pattern and on the photographic plate—conveniently the distance travelled by the 
pattern over the ground in 1 sec (V,) and the corresponding distance, p, on the 
plate, representing a 1-sec run of the Mitra record. If f, is the radio focus, and f, 
the visual or optical focus there follows: 


=H) 5) 


In practice, f, is about 240 km; 4, ~ 125m; A, = 5461 x 10-!°m; and V, anything 
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from 50 to 300 m/sec. It is found that if p is made about 12 yu for every second’s run 
of the Mitra record, f, will range from about 10cm to 3 m for the range of ground 
velocities quoted. As f, varies as the square of the scale factor p, the choice of p is 
necessarily restricted to a range from about 8—20 yu for a 1-sec run if anything like 
convenient optical foci are to be produced. 

It can be shown that, so far as concerns the ultimate resolving power of the 
process in time, i.e. in aerial delay between successive tracks, the scale factor p is 
irrelevant, but there are two further factors which have to be considered. The 
first is the grain size of the film, which argues a large p, and the second is the need to 
illuminate the plate with a small source to obtain coherence. This is more readily 
done if p is small as « becomes small and the source diameter can be increased. 
This, too, is to some extent self-compensating in terms of the speed and grain size 
of the film used to record the final “‘reconstruction”’ of the ionosphere, but the 
advantages for a visual search in using a small p are undeniable. It should be 
emphasized that the range of p dictated by the optical focus represents a quite 
possible working region, though scarcely a comfortable one, as it runs so close to 
the practicable limits of the processes involved. 

It seems reasonable to suppose that with a good record aerial, time-delays of } sec 
should be detectable, and under exceptionally favourable conditions, perhaps } sec. 
It will almost certainly not be possible to do better than this without radical 


changes of technique. 


5. Tur RADIO-RECORD TO OPTICAL PLATE TRANSFORMATION 


This is essentially based on the cylindrical lens technique (ROGERS, 1952b; 1956) 
and has been described elsewhere. Its application to three tracks, using successive 
exposures through three or four zones of the cylindrical lens (perpendicular to the 
cylinder axis), is readily imagined. Direct variable density recording is also 
conceivable, but as far as is known has not yet been attempted. If the whole 
method proves satisfactory, some such method of direct variable-density recording 
must be developed to avoid the considerable labour of the cylindrical lens technique. 


6. INTERPRETATION OF HEIGHT MEASUREMENTS 


As explained elsewhere (RocERs, 1956), the radio focus f, may be obtained from 
the visual focus f,, and hence the height of a scattering-point object can be de- 
termined. It is readily shown that the focal length of the system is unaffected if 
the point scatterer does not pass directly above the aerial, though the phase of the 
focused wavefront, relative to the background, will change if the path is off centre. 

If, however, the scatterer is a line scatterer, some ambiguity arises because the 
line may not be moving perpendicular to its length. If the line is inclined at an 
angle 6 to the direction of drift, the recorded focal length will be cosec? 6 greater 
than the true focal length. Put another way, the height determination takes 
account of the component of motion perpendicular to the length of the line, but 
ignores the rest. As cosec? 0 + 1, the heights so obtained are maximum heights, 
and in some cases, e.g. where they turn out sub-ionospheric, they provide con- 
clusive evidence that the scatterer is itself sub-ionospheric. 
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7. Tests oF THE METHOD 


One possible test of the method is published elsewhere (RoGERs, 1957), when an 
aircraft is flown on a known course and detected by the reconstruction methods. 
This, of course, begs the important question of the size and shape of the scatterers 
by using an object substantially smaller than a wavelength. 

The only other immediately applicable test depends on making some assumptions 
about the nature of normal Mitra records. If we assume that these records normally 
represent the superimposed effects of several layers at different heights moving 
with different speeds in different directions, the observed difficulty of correlating 
the three tracings if the aerial spacings are much more than J is readily appreciated. 
Nevertheless. if the complex patterns can be sorted out into their component height 
elements, the correlation at a given height should be observable over much longer 
aerial spacings. It would be useful to try and correlate by diffraction microscopy 
records obtained with aerial spacings of 3 4 or 10 A, not otherwise easily correlated 
by normal methods. If it proved possible to do this consistently, the increased 
time-delays which would result from the greater aerial spacing would contribute 
vreatly to the accuracy of speed determinations, and largely offset the difficulties 
at present involved in the small values of the scale factor p needed to get reasonable 
optical foci. This test is regarded as important. 

It is recognized that the general complexity of the phenomena usually involved 
does make any method of analysis liable to fail adequately to resolve the various 
moving ionospheric and sub-ionospheric elements. 


8. PossIBLE DEVELOPMENTS 


If the method of diffraction microscopy proves successful in developing a one- 
dimensional picture of the ionosphere, it is interesting to see if it could conceivably 
give a two-dimensional picture. It is possible that something of this kind could be 
achieved by the simultaneous recording of traces from 101 aerials spaced at 4-km 
distances along a line of length 50 km transverse to the currently prevailing iono- 
spheric wind. The techniques for optical reconstruction would involve many 
complications, of which a variable magnification in two directions at right angles 
appears to be the most difficult. 

It is also possible to get complete amplitude and phase information about 
scatterers by producing the radio-analogue of the Gabor and Goss interferometer 
(GABOR, 1955). An instrument of very similar design has been produced to study 
meteor trail drifts (GREENHOW, 1954: seen in abstract only). 

Finally, it is in principle possible to obtain some incomplete evidence of the non- 
linear and three-dimensional motion of a point scatterer by measuring the optical 
aberrations of the zone-plate resulting from the photographic operations. An 
aberration-free zone-plate only results from a point or line scatterer moving uni- 
formly and horizontally, and any deviation from uniform motion or from horizontal 
motion will produce an appropriate type of aberration. While, however, the 
aberration can be calculated if the supposed type of motion is specified, it is not 
possible to work back without ambiguity from the aberration to the particular 
type of motion causing it, as there is some overlap of solutions. 
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RESEARCH NOTE 





The effect of the recorder time constant on the apparent speed of 
fading of a radio signal* 


(Received 21 March 1957) 


THE purpose of this note is to indicate the importance, when taking continuous records 
of the fading of a radio signal, of making an appropriate choice of recording time constant. 

Most practical recording systems incorporate a post-detector integration circuit of the 
kind shown in Fig. 1. A sine wave of frequency f, is reduced in amplitude by a factor of 





Fig. 1 


{1 -!- (2xC'Rf)?}!? by this circuit. If the amplitude of the fading signal has a Gaussian 
autocorrelogram of the form 

p(t) = exp (—7°/26?) 
the power spectrum of this signal is given by 


W,(f) = 27b exp (—27?b?f?) 


The power spectrum of the open-circuit voltage v(t) is, therefore, 


Pah oxn (—2ytaeet 
Wf) = —— eat 
\ (270 Rf? }™ 

It is possible to define two measures 7’, and 7’, of fading time for any signal (BOWHILL, 
1956). These are derived respectively from the mean slope and from the number of maxima 
of the signal amplitude. If the signal has a Gaussian correlogram of the form of equation 
(1), and is not fading deeply, they are given by 7, = b, T, = 3-63b. Rice (1944) gives 
formulae for calculating them from the power spectrum: 


r= 5 [wan al. [| Pirsn a 


© 


—1/2 


(4) 


—1/2 


7.=([ pwn a)”. {[ wn i 


These integrals can be evaluated in closed form in terms of the error integral. The 
ratios 7',/6 and T',/3-636 are plotted in Fig. 2. 
* The research reported in this paper has been sponsored by the Geophysics Research Directorate 
of the Air Force Cambridge Research Center, Air Research and Development Command under Contract 
AF19(604)-1304. 
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Research note 


It can be seen that the recorder time constant must be less than one-sixteenth of the 
mean fading period 7’, of the fading function, if the deduced fading speed is to be within 
5 per cent of the correct value. 

The experiments of Harwoop (1953) illustrate the importance of this effect. He 
recorded the amplitude of a 16 ke/s ionospheric echo, using a recorder time constant of 
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Fig. 2. The effect of recorder time constant on the ratios of observed to actual values of 
T, and 7’, for a fading curve with a Gaussian correlogram. 


100 sec. Using a value (BowHILL, 1956) of 7 min for 7',, the observed value of 7’, at the 
detector output is found as 7 x 1-32 = 9-2 min, an error of over 30 per cent. Ignoring 
small turning points in the records, HARwoop found a mean 7’, of 11 min. The whole 
of the discrepancy in fading speed is, therefore, thought to be accounted for. 


S. A. BowHiLi 
Ionosphere Research Laboratory 
The Pennsylvania State University 
University Park, Pennsylvania 
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Indices of geomagnetic activity 
of the Observatories ABINGER (Ab), ESKDALE (Hs), and Lerwick (Le) 


October 1956 


The figures given on pages 340 to 344 represent the K-indices for three-hour intervals, 
beginning with 00-03 hr for the first and ending with 21-24 hr for the eighth figur- 


October 1956 





Ab Es Le 
Range for K = 9: 500y Range for K = 9: 750y Range for K = 9: 1000y 





K-Indices | Sum | — K-Indices | Sum K-Indices | Sum 





2323 3334 2223 3324 2212 3325 
5343 4344 4233 4344 5223 4345 
3333 3444 3333 3443 4323 3435 
3123 3333 3122 2323 4222 2343 
1243 2333 1143 2232 1143 2233 
3334 4334 3233 4333 3223 4333 
3333 3443 2232 2332 3222 2333 
3233 3343 3232 2243 3232 1243 
3233 3333 2222 3323 3222 2222 
3222 2222 2111 2211 2111 1111 
2223 3222 2212 2112 1221 2111 
1123 3223 0012 2123 0012 1113 
‘2223 «2211 2011 1101 2011 1011 
1122 2111 1111 0110 1111 0011 
0022 2222 0000 1111 1011 1111 
1222 2221 1121 1111 1021 1101 
1122 2112 1012 1101 1011 1111 
1222 1121 1111 0101 1111 1111 
2222 2221 1212 1111 0112 2111 
1343 4545 0343 3445 0433 3667 
4443 3344 4433 3333 6534 4343 
3233 3320 3232 4421 3332 
3343 3232 2234 4322 3343 
2231 1321 1121 2321 1120 
2232 0111 0012 0011 0012 
4466 2232 3366 2132 3578 
3343 6532 3333 6732 3334 
3223 3333 3222 3344 4323 
2242 2112 2232 2112 2332 
3321 1122 3311 1112 3321 
3314 1012 2213 0012 2113 
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K-Indices 


November 1956 





Ab Es Le 
Range for K = 9: 500y Range for K = 9: 750y Range for K = 9: 





K-Indices Sum K-Indices | Sum K-Indices 





4322 3323 22 3311 2322 17 3321 3323 
2223 3323 1112 2213 13 2123 3323 
4334 3333 4333 2232 22 4333 3232 
3333 3323 3222 2222 17 3222 1322 
2233 2223 2112 1112 2111 1112 
2333 3333 - 1223 2233 1222 2333 
3234 3232 2112 2111 2213 2122 
2223 3221 1112 1110 2112 2211 
2223 3354 1112 2235 11ll 1354 
4444 4456 7733 4667 5443 3455 
5554 4355 6654 3357 6553 4356 
5344 5555 6333 4755 5333 5645 
4323 3323 6412 3213 4322 3213 
3454 3465 5453 3587 3343 2466 
5566 5443 6666 5343 5566 5433 
5544 3353 6753 2253 5543 3253 
-2223 4443 2122 2122 3332 
‘3433 3232 5442 4332 2121 
0122 2221 1012 1011 2211 
1023 3343 0012 0023 3332 
4333 3335 3333 4333 2334 
4323 4445 3222 3222 4345 
4434 3432 6333 4334 4332 
2222 3443 2112 1212 3443 
2222 6433 3112 2122 6332 
3122 2221 3210 3110 0011 
2222 1155 1101 1lll 0145 
4333 2233 7222 5322 2222 
3232 2344 1122 2122 2234 
3323 3223 3322 3332 2223 
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December 1956 





1112 2232 
4222 2333 
2122 2232 
2222 2233 
2221 = 2311 
0211 2344 
2222 2323 
2122 2131 
1122 2223 
2424 3224 
1101 1121 
0011 2343 
3232 3333 
3222 1232 
1101 1110 
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K-Indices 


December 1956 (continued) 





Es 


Ab Le 
— Range for K =9:500y | Range for K = 9: 750y Range for K = 9: 1000y 








K-Indices | K-Indices Sum K-Indices — Sum 


1110 1111 1110 
1110 ‘ 0111 1101 
3211 ; 0112 2211 
2223 : 0011 1113 
1111 2102 1001 
2222 1011 1002 
3220 1112 2121 
2123 . i 0002 1112 
2222 ‘ ’ 3311 1121 
4335 ‘ 2113 3345 
2210 ; 4332 1011 
0011 1344 0001 1443 
3243 4343 | 3232 3232 
4322 3232 é 3: | | 4312 2132 
2134 3233 é | 1133 2223 
9123 3221 ; | 1002 2011 
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January 1957 





te 


1103 2121 | 
2124 2255 

3223 2112 
1122 1101 
1111 1111 
0222 2112 
2112 2111 
3213 3333 
2112 3334 
2343 3454 
4132 3212 
2321 1102 
2102 1101 
1011 1110 
1112 2233 
3111 2121 
2102 2122 
1011 1100 
0112 2332 
2111 2110 
1233 4689 
9554 4432 
3343 3343 
4422 3254 
4333 2224 
2223 2323 
1223 2222 
1112 2132 
1213 4444 
5443 3333 
2322 2333 


SN WW bo 
ww 


] 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 


—_ 
or 





_— 

-~I oO 
7a Sot 
eoow 

















342 





K-Indices 


February 1957 





Ab 


Range for K = 9 : 500y 


Es Le 
Range for K = 9: 750y Range for K = 9: 1000y 





K-Indices 


Sum 


K-Indices Sum K-Indices | Sum 





CaAIAa kk Wd = 





2222 
0222 
2212 
4333 
5533 
3133 
1023 
2233 
2322 
2232 
1223 
2433 
3434 
2222 
0134 
1222 
2123 
3233 
3333 
4333 
4343 
4333 
4322 
6544 
3324 
1122 
3322 
1012 


3221 
3333 
2355 
4444 
4343 
2221 
2222 
2222 
2322 
1101 
3422 
2243 
5563 
2121 
3323 
2332 
3333 
3344 
3455 
3333 
4444 
4344 
3365 
4322 
3111 
3322 
1222 
2211 








2112 2111 2121 
1112 1111 2232 
1211 1101 1245 
3223 3222 4567 
5533 5543 4433 
3122 3112 1111 
0122 0012 1122 
1222 1121 1112 
1211 1212 1232 
2013 2112 0010 
1213 1211 2322 
2322 2421 1131 
3433 3433 4463 
2222 2121 1111 
1133 0022 2313 
0122 0111 1231 
2113 1112 2233 
3233 3222 2345 
3233 3232 2355 
4322 4322 2213 
4343 4433 3436 
4333 5333 3344 
3321 3221 2367 
7544 7664 4322 
3223 3212 2110 
1011 1001 1111 
2311 2211 O111 
1011 1001 1112 

















March 1957 





Canta» rk Wh = 











1lll 3444 
4886 7557 
4343 2433 
3322 2113 
3222 3233 
3112 3332 
2112 2322 
3122 2234 
3422 2344 
3335 6455 
3221 2221 
2322 2100 
0122 2422 
1122 1201 
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March 1957 (continued) 











| Es Le 
| Range for K = 9: 750y Range for K = 9: 1000y 
| 





K-Indices Sum K-Indices Sum 





2222 1234 2222 1223 
4342 3355 5332 2366 
3232 3323 3332 2332 
1223 3223 1212 3213 
2122 2343 2112 1333 
3332 2124 | 3332 2114 
1221 3445 | 1211 2666 
3233 3334 4223 3345 
4323 3333 | §423 2333 
2222 1244 2321 1244 
3533 3221 =| | 6§553 3211 
1123 4334 1112 3335 
3323 4455 | | §323 4357 
6555 4421 | 8664 3411 
2443 6865 | 3433 6876 
5431 2223 | | 6532 2223 
3232 3444 | | 2332 3454 




















Book Reviews 


M. ScHULER and H. GEBELEIN: Eight and Nine Place Tables of Elliptical Functions. Springer 
Verlag, Berlin; 1955. £5. 1.6, D.M. 58. 


ELLIptTic functions arise frequently in the evaluation of results in applied mathematics, so it is 
advantageous to have complete sets of tables of them. The chief purpose of these new tables is 
to provide the means for making interpolations easily and with accuracy equivalent to that of 
the tabulated values. This presents great difficulties (since the functions in question are functions 
of two variables) which the authors claim to have overcome by the systematic use of JACOBI’sS 
parameter q rather than that of LEGENDRE’s modulus 0. 


Functions G and H are defined by the equations 
8,(z) — 2q"/4 sin a, a 8,(x) — 1 
2q3/4 sin x =i q 





Pe 


Almost everything needed for ordinary problems involving elliptic and related functions can be 
derived in an elementary way from the four theta functions which can be expressed in terms of 


G and H by the equations 
O(a) = 2q1/4 sin a[1 — gG(4+2z)]; (x) = 2q1/4 cos a[l — g?G(—z)] 


O,(z) = 1 + gH(+z); 6,(x) = 1 + qH(-z) 


where z = cos 2x. The range for z is from —1 to +1; in theory, g ranges from 0 to 1, but for 
ordinary needs, tables with q from 0 to 0-55 are sufficient. 
The elliptic functions most important for practical use are the Jacobian functions sn u, 


en u, dn u, defined by 


_ 1+ 9H(+1) 1 — ¢G(+z) 
~ 1 —@H(-1)'1 + qH(-z) 


1 +qH(-1) 1 — @G(-z) 
~ 1 = @@(—1) "1 + qH(-z) 


1 +qH(—1) 1 + qH(+z2) 
~ 1 + qH(4+1) (1 + qH(-z) 


where z = cos 2x = cos (zu/K), where K is the complete elliptic integral of the first kind with 


q = 49). 

The tables contained in the present volume are: 

Tables I, II: G(q*,z) as a function of z from —1-00 to +1-00 (by increments of 0-05), and 
of g* from 0-001 to 0-100 (by 0-001), with the corresponding values of g and @. 

Tables III, IV: H(q*,z) as a function of z from —1-00 to 1-00 (by 0-05), and of g from 0-002 
to 0-176 (by 0-002), with the corresponding values of g and ©. 

Tables V, VI: log (sn u/sin u), log (en u/cos u), log (dn u) as functions of z from —1-00 
to +1-00 (by 0-05), and of g from 0-01 to 0-55 (by 0-01), with the corresponding values of ©, 
—log cos © = —log k’, K, and K/E. 

Table VII: Conversion tables for LEGENDRE’s modulus © and Jacosi’s parameter g with 
values of (1 — q)~1, K, K/E as functions of —log k’ from 0-000 to 3-000 (by 0-005). 

The use of these tables is explained clearly (in German and English) in a very full introduction 
in which the necessary interpolation formulae are included. The full solutions to seven typical 
problems are also given. Tables I-IV are given up to the ninth decimal place, while Tables 
V-VII are given to eight places. The tables are clearly printed and easily used, and the whole 


volume is most beautifully produced. 











I. N. SNEDDON 





Book reviews 


G.C. McVirtiz: General Relativity and Cosmology. Chapman and Hall, London, 1956. 198 pp., 
42s. 


At a time when much British cosmology may at best be described as science fiction, it is 
refreshing to read a book which sets out soundly based ways of investigating the observable 
universe. 

Professor McVIrTi£ has attempted to write an account of general relativity and cosmology 
which will be instructive to teacher and student alike, and has succeeded admirably in his 
task. The book begins with a short account of the author’s approach to scientific investigation, 
and then follows a chapter on tensor calculus and Riemannian geometry which requires only 
an elementary knowledge of partial differential equations for its understanding. An account 
of Newtonian mechanics and special relativity is succeeded by a derivation of Einstein’s 
equations and consideration of the principles of general relativity. Then comes a chapter on 
those aspects of general relativity with which astronomers are, perhaps, most familiar—the 
advance of Mercury’s perihelion, the displacements of the apparent positions of stars viewed 
close to the sun during eclipse, and the gravitational red shift in stellar spectra. The difficulty 
of the next two chapters dealing with generalizations of Newtonian gas dynamics, and applica- 
tions to Galactic gas-clouds, is greater than the rest of the book. Finally, there are two chapters 
on model universes and the system of galaxies. What has been done in these chapters may 
be described in the author’s own words: “To each type of measurement, whether already 
made or in process of being carried out, it has proved possible to find a formula which is its 
theoretical counterpart. These formulae contain a number of parameters whose numerical 
values can, in principle, be determined from the relevant observations as these increase in 
scope and accuracy.” 

The conciseness of McVITTIE’s account enables the arguments to be followed easily without 
the need to keep turning back the pages. There are, however, a few parts that might have 
benefitted from a little expansion. For instance, a more adequate description of the objects 
of Chapter 2 would have helped to make it clear why all this chapter is a necessary preliminary 
to what follows; a remark such as that on page 54, that the principle of special relativity 
states that the equations of mathematical physics must retain their form under co-ordinate 
transformations, and this may be secured by expressing all relations by means of tensors, 
may with advantage have been placed early in Chapter 2. Similarly, the account of the opera- 
tions of raising and lowering indices, and contracting tensors, would have been better with 
examples, or even just a reference to later applications such as the one which occurs on page 75, 
where contraction of a particular nonzero Riemann-Christoffel tensor is shown to result 
in a null Ricci tensor. From the student’s point of view, it is helpful to be able to see, at the 
time the operations are developed, what effects they have when applied to specific cases. 

The statement on page 135 that spaces between galaxies are probably—if not quite certainly 
—devoid of matter, is too definite. Observational data is still far too meagre to enable a proper 
estimate of the density of intergalactic matter to be made. The possible effects of absorbing 
matter between galaxies deserve more prominent mention than the brief remark on page 180. 

The absolute magnitudes of galaxies (page 136) are not on a Gaussian distribution curve. 
In a paper published in 1950, HoLmBerc found a considerable excess of the fainter galaxies. 

On page 155 it is not made clear how the observer is to choose light sources “‘similar’’ to 
distant galaxies as they are now, and as they were when the light reaching us now left them. 
What is the criterion by which two galaxies shall be judged to be similar? 

If the Stebbins-Whitford excess reddening of distant galaxies is due to a secular change 
in the quality of the radiation emitted, then it is as closely bound up with the evolution of 
individual stars and galaxies as with the larger scale of things. This point might well be stressed, 
because many astronomers have in the past regarded cosmology as being far removed from 
their researches on objects astronomically near at hand, just as many cosmologists have failed 
to pay sufficient attention to the evolution of galaxies as a function of time alone. 

Professor McVirti£ has provided us with an excellent book, a book which leaves observers 
of the large-scale structure of the universe with noexcuses for failing to understand the theoretical 
implications of their work. The same remark applies to cosmologists. 

V. C. REeppisx 
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Book reviews 


Advances in Geophysics. Edited hy H. E. Lanpsprerc, Academic Press, New York, 1955. 
Vol. 2., 286 pp., 60s 


THis is the second in a series of review articles covering recent developments in geophysics, 
widely interpreted. The use of centimetric radar in the study of precipitation patterns in the 
atmosphere, and its theoretical explanation in terms of Rayleigh scattering is described by 
MARSHALL, HITSCHFELD, and Gunn. I. I. GRINGORTEN discusses the fascinating problem of 
objectivity in weather forecasting. W. J. Prerson presents a mathematical theory of gravity 
waves generated by wind. 

L. J. Kup describes the lead, strontium, potassium, and carbon-14 methods of geological 
age determination, and H. BENIoFF reviews the various types of earthquake seismographs 
now in use. The volume is well illustrated and printed. With its companion volumes it should 
do a great service to geophysics in showing the rapid progress being made in this subject. 
This branch of physics is, perhaps, not as ‘fundamental’ as nuclear physics, but such books 
as this reveal what an extraordinary range of physical ideas and experimental techniques are 


involved in its study. 
S. K. Runcorn 
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